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FOREWORD 
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ABSTRA CT 


The  objective  of  this  contract  was  to  develop  two  control  systems. 

One,  an  Automatic  Remote  Tuning  System  for  ground-air  UHF  c om munications , 
and  the  other  system,  a  UHF  Solid  State  Tuning  Device  utilizing  all  solid  state 
components . 

The  Automatic  Remote  Tuning  System  is  a  system  which  tunes  an 
airborne  AN/ARC-34  UHF  communications  transceiver  from  the  ground  through 
the  selective  calling  AN/URA-22  (Discom)  system.  The  equipment  is  completely 
of  solid  state  construction. 

The  UHF  Solid  State  Tuning  Device  is  a  1750  channel  UHF  receiver 
which  is  tuned  by  use  of  varactor  diodes.  There  are  no  moving  parts  in  the 
receiver.  The  frequency  synthesizer  is  also  unique  in  that  all  frequencies 
are  obtained  from  a  single  crystal  oscillator  and  are  phase  locked  to  this 
stable  source. 
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1 .  INTRODUCTION 
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This  is  the  final  report  on  the  Automatic  Remote  Tuner  project  conducted 
by  the  Bendix  Radio  Division  of  the  Bendix  Corporation  for  the  United  States  Air 
Force  under  contract  A F33 (616)7311.  This  report  is  submitted  in  accordance 
with  Item  IV  of  the  contract  and  was  prepared  in  accordance  with  AFSC  manual 
Nr.  5-1,  "Preparation  of  ARDC  Technical  Documentary  Reports. " 

For  readability,  a  straight-line  history  of  the  program  is  presented  in 
six  main  sections  with  supporting  details  supplied  in  three  appendices. 

Section  2  gives  a  brief  outline  of  the  history  of  the  contract  and  an  out¬ 
line  of  the  change  of  the  contract  study  program.  Section  3  describes  briefly 
the  Automatic  Remote  Tuning  section  of  the  contract.  Section  4  describes  the 
UHF  Solid  State  Tuning  Device.  Section  5  contains  the  description  and  theory  of 
operation  of  the  ancillary  equipment.  (The  ancillary  equipment  is  that  category 
of  equipment  which  contains  subassemblies,  such  as  power  supplies ,  IF  ampli¬ 
fiers,  etc. )  Section  6  presents  conclusions  of  the  program  and  makes  recom¬ 
mendations  . 

The  three  appendices  describe  in  more  detail  the  numerous  investiga¬ 
tions  undertaken,  the  results  of  tests  and  the  tuning  or  test  procedures . 
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2.  CONTRACT  HISTORY 


Work  on  the  Automatic  Remote  tuning  System  Contract  was  begun  in 
May  of  1960,  and  a  working  model  of  this  unit  was  demonstrated  to  the  person¬ 
nel  of  the  Electromagnetic  Warfare  and  Communications  Laboratory  ASD  during 
March  of  1961.  The  Automatic  Remote  Tuning  System  is  a  device  which  is 
capable  of  tuning  an  airborne  AN/ARC-34  UHF  Co mmunication  set  automatically 
from  the  ground. 

The  task  of  the  contract  was  augmented  by  an  amendment  to  the  original 
exhibit  and  work  was  begun  on  the  new  task  in  September  of  1961.  The  work  pro¬ 
gram  outlined  by  Amendment  #1  to  Exhibit.  A  was  to  study  devices  and  tech¬ 
niques  which  eliminate  mechanical  tuning  mechanism,  and  develop  a  digital 
counter  type  frequency  synthesizer.  The  end  result  of  the  program  was  to  de¬ 
velop  an  UHF  communication  set  which  is  capable  of  rapid  tuning  (one  second 
maximum  between  channel  changes),  with  no  moving  parts . 

The  contract  was  cancelled  23  April  1962  in  order  to  regroup  Air  Force 
funds .  At  the  time  of  cancellation  the  project  was  approaching  completion.  Per¬ 
mission  to  complete  the  system  hardware  was  given  to  Bendix  by  the  Air  Force , 
providing  all  funds  contracted  after  23  April  1962  and  expended  in  completing  the 
hardware  would  be  provided  by  Bendix,  and  the  final  report  of  the  contract  would 
cover  the  completed  task.  In  conformance  it  was  agreed  that  Bendix  could  re¬ 
tain  the  amendment  #1  hardware  for  demonstration  to  government  and  private 
agencies  after  demonstration  to  ASD  personnel. 

This  report  therefore  covers  the  contract  task  to  completion. 


3.  AUTOMATIC  REMOTE  TUNING  SYSTEM 


This  Section  of  the  report  summarizes  briefly  the  system  designed  in 
the  first  phase  of  the  contract.  The  system  has  previously  been  reported  in  de¬ 
tail  by  WAD©  Technical  Note  61-40,  released  April  1961.  Copies  of  this  tech¬ 
nical  note  can  be  obtained  from  the  Armed  Services  Technical  Information 
Agency  (ASTIA)  Arlington  Hall  Station,  Arlington  12,  Virginia. 

The  Automatic  Remote  Tuning  System  is  an  all  solid  state  device  which 
is  capable  of  tuning  an  airborne  RT-263/ARC-34  communications  set  from  the 
ground.  This  is  accomplished  by  utilizing  the  equipment  shown  in  Figures  1 
and  2  in  conjunction  with  a  Selective  Calling  device  known  as  an  AN/URA-22 
(Discom)  system.  The  airborne  hardware  (not  including  the  AN/URA-22  or 
AN/ARC-34)  is  shown  in  Figure  1 ,  and  the  ground  station  Automatic  Remote 
Tuner  equipment  with  its  top  cover  removed  is  shown  in  Figure  2. 

The  following  is  a  list  of  system  requirements  which  were  used  as  a 
guide  during  the  study  phase  of  the  contract  and  later  incorporated  into  the 
hardware: 

a.  The  system  shall  be  capable  of  tuning  a  communications  set 
in  a  remote  vehicle  from  one  frequency  to  another  without 
the  pilots  aid. 

b.  A  selective  callmg  device,  the  AN/URA-22  (Discom) ,  shall 
be  included  in  the  system  to  allow  remote  tuning  of  a  selected 
vehicle. 

c.  The  system  will  consist  of  two  primary  equipments:  (a)  a 
ground  station  which  originates  and  transmits  the  tuning  mes-* 
sage  and  (b)  an  airborne  station  which  receives  the  message 
and  tunes  the  associated  equipment  accordingly. 

d.  A  subscriber  at  a  point  remote  to  the  ground  station  shall  be 
capable  of  tuning  the  vehicle  via  the  ground  station. 

e.  The  ground  station  will  normally  know  the  frequency  to  which 
a  particular  aircraft  is  tuned. 

f.  The  guard  channel  will  be  used  to  contact  an  aircraft  if  a 
priority  or  urgent  communication  requirement  is  present  and 
the  aircraft  frequency  is  unknown. 

g.  All  priority  tuning  messages  will  be  transmitted  on  the  guard 
channel. 

h.  Subscriber  tuning  instructions  will  provide  for  tuning  the  air¬ 
borne  radio  set  to  a  communications  channel  designated  for 
each  ground  station. 
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Figure  1.  Automatic  Remote  Tuner  Airborne  Equipment 
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i.  The  only  tuning  override  required  by  the  vehicle  operator  is 
the  ability  to  reject  an  automatic  tuning  message  and  return 
die  radio  to  its  previous  setting.  This  override  may  be 
accomplished  by  momentarily  switching  to  the  guard  position, 
thereby  disabling  the  remote  tuning  function. 

Operation : 

The  operation  of  the  automatic  remote  tuning  system  which  meets  these 
system  requirements  is  described  below.  The  system  contains  two  separate 
sections:  a  ground  based  unit  and  an  airborne  unit,  both  of  which  work  in  con¬ 
junction  with  an  AN/URA-22  Discom,  a  selective  calling  equipment.  Tuning 
and  aircraft  identification  messages  are  originated  at  the  ground  station  and 
transmitted  over  the  proper  communications  link  to  the  specified  aircraft  which 
receives  the  tuning  message  and  retunes  its  radio  set  accordingly, 

Ground  Station: 

Figure  3  is  a  block  diagram  of  the  ground  station.  The  blocks  enclosed 
in  dotted  lines  are  the  actual  automatic  remote  tuning  system.  The  radio  sets 
and  the  Discom  unit  are  considered  auxiliary  equipment.  Reference  to  Figures 
4  and  5  will  aid  the  reader  in  following  the  procedure  used  in  transmitting  a 
tuning  command  to  an  aircraft  in  flight. 

Initially,  the  operator  selects  the  new  frequency  to  which  the  aircraft 
radio  will  be  tuned  on  the  frequency  insert  unit  (keyboard)  and  observes  this  in¬ 
put  information  on  the  display  unit.  The  transmitter  mode  is  then  selected. 

For  a  routine  transmission  this  would  be  the  tower  frequency;  for  a  priority 
situation  it  would  be  the  guard  frequency.  The  operator  inserts  into  Discom  the 
call  letters  corresponding  to  one  of  three  situations:  (1)  individual  call,  (2) 
group  call,  and  (3)  general  call.  The  mode  of  the  Discom  is  set  to  ST.  The  S 
refers  to  silence  (no  acknowledgement  required) ;  the  T  means  that  tuning  infor¬ 
mation  will  be  sent. 

Next,  the  actuate  button  on  the  ground  control  panel  is  depressed, 
causing  a  pulse  to  be  sent  to  the  mode  selector  which  keys  the  desired  ground 
transmitter  and  connects  the  modulator  input  to  the  Discom  output.  The  same 
pulse  that  the  mode  selector  receives  also  goes  to  the  Discom  which,  upon  re¬ 
ceiving  the  pulse,  sends  the  preamble  to  the  selected  transmitter  via  the  mode 
selector. 

At  this  point  the  shift  register  has  stored  the  inserted  tuning  informa¬ 
tion,  and  upon  receiving  an  end-of-preamble  pulse  from  Discom,  it  sends  the 
tuning  information  through  the  mode  selector  to  the  proper  transmitter.  The 
transmitter  is  selected  when  the  mode  selector  receives  the  end-of-preamble 
pulse  from  the  Discom.  At  the  end  of  the  tuning  information  from  the  shift 
register,  a  pulse  is  produced  that  (1)  causes  the  mode  selector  to  select  the 
command  channel  transmitter,  thereby  connecting  the  modulator  input  of  this 
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Figure  3.  Ground  Station  System  Block  Diagram 
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Figure  4*  Ground  Station  Controller  Block  Diagram 


Figure  5.  Airborne  Controller  Block  Diagram 
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Airborne  Station: 

The  airborne  equipment  (see  Figure  6)  allows  a  ground  operator  to  auto¬ 
matically  tune  the  aircraft's  radio  set  while  the  aircraft  is  in  flight.  It  will  be 
used  in  conjunction  with  Control  Monitor  Group  AN/URA-22(XA-1)  (Discom), 
which  enables  the  ground  operator  to  contact  one  or  a  group  of  aircraft  radios . 
After  the  intelligence  transmission  to  the  aircraft  has  been  completed,  the  air¬ 
craft's  tuner  equipment  automatically  tunes  the  radio  to  its  setting  prior  to  the 
ground  station's  call. 

Assume  that  the  aircraft's  radio  is  tuned  to  the  tower  frequency  and  that 
the  tuning  message  from  the  ground  tuning  station  is  transmitted  on  that  frequen¬ 
cy.  The  received  Discom  preamble  from  the  grount  station  is  recognized  by  the 
Discom  in  the  aircraft,  providing  that  it  has  the  correct  address,  and  Discom 
accepts  the  information  from  the  ground.  In  the  case  of  tuning  information,  the 
mode  of  Discom  preamble  would  be  ST,  the  S  indicating  silence  (no  acknowledge¬ 
ment  required)  and  the  T  indicating  tuning  information.  The  Discom  therefore 
causes  the  receiver  output  to  be  connected  to  the  remote  tuner,  which  is  pre¬ 
pared  to  accept  the  incoming  tuning  information.  After  the  tuning  information 
is  received  and  stored  (required  time  is  35  milliseconds),  it  produces  a  pulse 
which  (1)  clears  Discom,  (2)  causes  the  remote  tuner  to  take  command  of  the 
radio  set  control  box,  providing  the  proper  information  to  tune  the  set  to  the 
frequency  commanded  by  the  ground  tuning  station  (GTS) ,  (3)  triggers  a  tone 
burst  generator  to  cause  a  "beep"  in  the  pilot's  headset,  indicating  that  the  radio 
set  is  being  tuned,  (4)  operates  a  light  on  the  pilot's  radio  control  panel ,  further 
indicating  that  the  radio  set  is  being  tuned,  and  (5)  triggers  a  delay  circuit.  The 
delay  circuit  allows  the  radio  set  sufficient  time  to  tune  to  the  new  frequency 
(about  four  seconds  in  the  ARC-34),  after  which  it  produces  a  pulse  that  causes 
a  tone  burst  from  the  acknowledge  burst  generator  to  be  transmitted  on  the  new 
frequency. 

The  aircraft  now  receives  another  Discom  preamble  on  the  new  fre¬ 
quency  and  the  mode  of  the  preamble  indicates  what  type  of  message  will  follow. 
The  intelligence  transmission  is  then  handled  in  a  routine  manner.  At  the  end 
of  the  intelligence  transmission,  the  ground  tuning  station  transmits  an  end-of- 
transmission  message.  This  message  is  recognized  by  the  remote  tuner,  which 
remained  connected  to  the  receiver  output,  and  the  remote  tuner  switches  con¬ 
trol  of  the  radio  set  back  to  the  pilot's  control  box.  The  aircraft's  radio  set, 
therefore,  tunes  to  the  frequency  to  which  the  pilot's  control  box  is  set.  At  the 
time  this  occurs ,  a  tone  is  sounded  in  die  pilot's  headset,  and  the  indicator  light 
on  the  control  panel  goes  out.  Both  of  these  are  indications  to  the  pilot  that  he 
has  regained  control  of  the  radio  set. 


transmitter  to  the  output  of  Discom,  and  (2)  causes  a  delay  and  gate  unit  to  oper¬ 
ate.  The  delay  is  approximately  4  to  6  seconds  (aircraft  tuning  time),  and  at 
the  end  of  die  delay,  a  gate  is  opened  to  accept  the  acknowledgement  pulse  from 
the  aircraft.  The  generation  of  this  pulse  is  described  in  the  following  airborne 
equipment  section. 

After  the  preamble  and  tuning  information  has  been  transmitted  on  the 
selected  frequency  (tower  or  guard) ,  the  ground  tuning  station  waits  for  an  ack¬ 
nowledgement  in  the  form  of  a  tone  burst  (pulse)  for  a  Short  interval  of  time. 

If  it  arrives  at  the  correct  time ,  it  is  passed  through  a  filter,  delay,  and  lights 
the  ready  light  On  the  ground  display  unit.  If  the  pulse  does  not  arrive  at  the 
correct  time,  the  busy  light  goes  on  and  indicates  to  the  operator  that  the  air¬ 
craft  is  not  tuned  to  the  selected  frequency. 

Assuming  an  aircraft  has  sent  an  acknowledgement  and  the  ready  light 
is  lit,  the  operator  can  now  transmit  the  intelligence.  He  again  engages  the 
actuate  button,  and  the  common  transmitter  is  keyed  and  the  Discom  preamble 
is  transmitted  as  before.  The  end-of-preamble  pulse  now  las  no  effect  on  the 
shift  register,  but  triggers  the  information  transfer  to  allow  the  intelligence  to 
be  transmitted.  The  end-of-preamble  pulse  also  selects  the  proper  setting  of 
the  mode  select  to  connect  the  output  of  the  information  transfer  to  the  common 
transmitter  modulation  input.  As  soon  as  the  information  transfer  has  been 
cleared  for  an  intelligence  transmission,  a  transmit  light  is  lit  on  the  control 
panel  to  indicate  to  the  operator  that  transmission  can  begin.  The  trigger  pulse 
that  causes  the  light  to  be  lit  may  also  be  used  to  start  canned  messages ,  etc. 

In  the  case  of  voice  transmission  the  light  is  a  visual  indication  to  begin  speak¬ 
ing.  When  voice  transmission  is  employed  it  is  realized  that  the  transmitter  is 
already  keyed.  When  this  button  is  depressed,  it  causes  a  change  in  the  mode 
select  so  that  when  the  button  is  released  the  transmitter  is  not  keyed.  There¬ 
fore,  keying  is  accomplished  only  when  the  microphone  button  is  depressed. 

When  the  end-of- transmission  message  (ETM)  button  is  engaged  at  the  end  of 
the  voice  transmission,  the  mode  select  is  reverted  to  the  condition  prior  to 
depressing  the  push-to-talk  button  on  the  microphone. 

When  the  intelligence  transmission  has  been  completed,  the  end-of- 
transmission  message  is  transmitted  either  automatically  or  manually.  In  the 
case  of  prearranged  and  canned  messages,  it  can  be  sent  automatically  by 
placing  the  ETM  switch  on  the  control  panel  A,  or  automatic.  For  voice  trans¬ 
missions,  however,  it  must  be  initiated  manually.  When  the  ETM  switch  is  on 
M,  or  manual,  the  transmission  message  must  be  sent  by  engaging  the  ETM 
button  on  the  control  panel. 

When  the  ETM  unit  has  sent  the  message,  it  provides  a  reset  pulse 
which  is  fed  to  the  control  panel  to  clear  the  shift  register  which  has  stored  the 
tuning  information,  to  cause  the  lights  on  the  display  unit  to  go  out,  to  reset  the 
mode  select  to  the  tower  radio  set,  and  to  reset  the  information  transfer  channel. 


11 


REMOTE  TUNER 


i 


4.  SOLID  STATE  TUNING  DEVICE 

The  Solid  State  Tuning  Device  is  shown  in  Figures  7  and  8  and  a  block 
diagram  of  the  system  is  shown  in  Figure  9. 

Those  units  that  are  tuned  by  the  frequency  selector  (Front  End,  Har¬ 
monic  Generator,  VFO,  and  Digital  Synthesizer  /  are  described  in  detail  in 
paragraphs  4. 1,  4.  2,  4. 3  and  4.  4,  respectively. 

Those  units  that  are  considered  as  ancillary  equipment  (not  part  of  the 
study  program)  such  as  the  IF  Amplifier,  Second  Mixer,  Reference  Generator, 
Power  Supply,  and  Frequency  Control  Panel  are  described  in  detail  in  para* 
graphs  5. 1,  5.  2,  5.3,  5.4  and  5.  5,  respectively. 

The  solid  state  tuning  device  is  an  electronically  tuned  UHF  communi¬ 
cations  receiver.  The  tuning  is  accomplished  by  electronic  means ,  thereby 
eliminating  some  of  the  undesirable  features  of  mechanical  tuning  such  as  its 
susceptability  to  shock  and  vibration,  its  slowness  of  tuning,  and  its  high  cur¬ 
rent  switching  requirements .  In  contrast,  the  solid  state  tuning  device  can  be 
made  nearly  insensitive  to  mechanical  disturbances,  it  tunes  instantaneously  to 
any  channel,  and  no  high  current  devices  are  required  to  accomplish  die  tuning. 

The  frequency  stability  of  the  receiver  is  determined  by  the  accuracy 
of  its  reference  generator.  Crystal  oscillators  with  accuracies  in  the  order  of 
one  part  in  106  are  easily  obtained  with  little  or  no  complexities.  If  an  oscil¬ 
lator  of  this  accuracy  is  used  in  conjunction  with  crystal  filters  in  the  IF  ampli¬ 
fiers  ,  an  AM  voice  channel  spacing  of  25  Kc  is  entirely  feasible  in  the  UHF  band. 

This  stability  is  maintained  by  a  phase  locked  system  comprised  of  a 
variable  frequency  oscillator  and  a  digital  synthesizer.  The  synthesizer  con¬ 
tributes  no  appreciable  frequency  instabilities  to  the  system,  thereby  allowing 
the  reference  generator  to  determine  the  system  stability. 

The  only  problem  area  concerning  the  digital  synthesizer  and  phase 
locked  oscillator  used  in  this  system  is  frequency  modulation  or  phase  jitter  in 
the  oscillator.  These  undesirable  effects  can  be  minimized  by  careful  filtering 
of  the  preset  tuning  voltage  from  the  frequency  selector  to  the  VFO  and  elimina¬ 
tion  of  AC  components  on  the  analog  control  lines  from  the  digital  synthesizer 
to  the  VFO.  (Phase  locked  loop) 

The  system  developed  on  this  contract  is  capable  of  maintaining  a  good 
noise  figure  (approximately  8  db)  through  85  percent  of  the  UHF  band.  The  noise 
figure  deteriorates  at  the  low  frequency  end  of  the  band.  A  good  sensitivity 

g 

(5  uv  for  6  db  can  be  maintained  down  to  250  Me.  At  240  Me  the  sensitivity 

has  dropped  to  approximately  10  uv  and  at  225  Me  the  sensitivity  is  approximately 
30  uv.  This  loss  in  sensitivity  is  easily  explained  in  that  the  Q  of  the  varactors 
used  to  tune  the  front  end  has  deteriorated  until  the  gain  of  the  front  end  is  down 
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Figure  8,  Solid  State  Tuning  Device  (Rear  View) 


Figure  9.  Solid  State  Tuning  Device  System  Block  Diagram 


sufficiently  to  destroy  the  noise  figure.  It  is  expected  that  future  improvements 
in  varactor  diodes  will  eliminate  this  problem. 

No  attempt  was  made  to  miniaturize  the  receiver  unit.  A  conservative 
estimate  is  that  it  could  be  made  in  about  one  third  its  present  size,  which  is  15 
inches  wide,  by  8  inches  deep  and  9  inches  high.  Its  present  weight,  which 
Could  be  cut  in  half,  is  20  pounds . 

4. 1  RECEIVER  FRONT  END  ASSEMBLY 

The  function  of  the  receiver  front  end  assembly,  shown  in  pictorial 
Figure  10,  is  to  selectively  receive  amplitude  modulated  signals  in  the  225  to 
400  Me  band  from  an  antenna,  amplify  and  convert  them  to  a  60  Me  intermediate 
frequency,  while  maintaining  a  reasonable  noise  figure  at  the  receiver  input 
terminals.  A  block  diagram  of  the  front  end  assembly  is  shown  in  Figure  11. 
The  electrical  characteristics  of  the  front  end  are  listed  below: 

a.  Tuning  range  —  225. 0  Me  to  399. 9  Me  in  100  Kc  steps 

b.  Tuning  method  —  electronic,  by  means  of  voltage  variable 
capacity  diodes 

C.  Input  impedance  —  50  ohms 

d.  Sensitivity  —  8  microvolts  for  10  db  from  250  to  400  Me. 

(See  following  paragraph,  "Front  End  Assembly  —  Feasibility 
Model  Performance  Data"). 

e.  Gain  —  25  db 

f.  Image  rejection  —  greater  than  60  db. 

A  discussion  of  design  consideration  concerning  Front-end  circuit 
configuration  is  given  in  Appendix  A. 

A  schematic  diagram  of  the  receiver  front  end  assembly  is  shown  in 
Figure  12.  This  description  will  follow  the  signal  path  through  the  assembly 
with  special  emphasis  on  portions  of  the  circuitry  that  are  of  major  interest 
in  this  program. 

Amplitude  modulated  signals  in  the  225  to  400  Me  band  are  received 
from  the  antenna  through  coaxial  jack  Jl.  The  input  tank  circuit  consists  of 
LI,  CR1,  C2  and  C3.  C3  is  sufficiently  large  so  as  to  be  no  appreciable  part 
of  the  tuning  capacity  while  providing  a  DC  block  for  the  varactor  control 
voltage.  CR1  is  the  frequency  tuning  device,  with  its  capacity  varying  from  6 
to  34  PF  for  a  control  voltage  change  of  110V  to  1  volt.  A  more  comprehensive 
discussion  of  CR1  and  its  operation  are  covered  in  the  next  paragraph.  Capaci¬ 
tor  C2  was  added  to  parallel  with  CR1  to  provide  for  tracking  of  the  three  front 
end  tuned  circuits  on  a  single  control  voltage  line.  The  signal  input  through  Cl, 
as  well  as  the  tank  circuit  output  through  C4  are  impedance  tapped  on  the 
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Figure  10.  Front  End  Stripline  Amplifier 
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Figure  11.  Front  End  Unit  Block  Diagram 
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inductance  LI.  The  inductance  LI  is  in  the  strip-line  assembly  shown  in  Fig¬ 
ure  10.  Resistor  R|  is  provided  to  limit  the  DC  current  through  the  varactor 
in  case  of  diode  avalanche.  The  components  on  the  control  line  side  of  R^  form 
a  decoupling  network. 

Special  consideration:  is  given  to  the  characteristics  and  performance 
of  the  diode,  CR1  since  it  is  a  very  important  element  in  the  electronic  tuning 
system. 

Numerous  voltage  variable  diode  capacitors  are  presently  available 
on  the  commercial  market.  Many  of  these  are  referred  to  as  varicaps,  varactors, 
etc.  The  biggest  single  problem  encountered  in  selecting  a  suitable  diode  was 
that  of  finding  a  component  which  would  provide  both  the  desired  range  of 
capacity  and  the  necessary  "Q"  for  tuning  the  225  to  400  Me  band.  A  diode  was 
obtained  that  offered  the  best  available  characteristic,  however,  it  falls  some¬ 
what  short  of  the  desired  characteristics.  In  order  to  provide  the  tuned  cir¬ 
cuits  with  "Q"'s  of  30  necessary  for  image  rejection,  it  is  desirable  to  have  all 
components  Q's  much  higher  than  this  value. 

The  Q  of  the  varactor  used  is  expressed  by 

Q  _  fc  (figure  of  merit! 
f  Operating  frequency 

where  fc  is  a  figure  of  merit  defined  as  fc  =  „  „  *  . 

°  27r  Rs  C  min 

Rs  is  the  diode  series  resistance,  and  C  min  is  the  diode  capacity  at 
breakdown  voltage.  Values  of  Rs  and  C  min  for  the  diode  used  provide  a 
capacity  Q  of  39  at  400  Me  which  degrades  to  a  Q  of  11.8  at  225  Me.  This  de¬ 
gradation  of  Q  in  the  low  end  of  the  band  results  in  a  loss  of  receiver  sensitivity 
in  that  region.  Manufacturers  of  the  diodes  suggest  that  components  will  be 
available  in  the  near  future  that  will  permit  tuning  of  the  entire  range  without 
loss  of  sensitivity.  The  voltage  characteristic  necessary  to  tune  the  diode  in 
the  circuit  cannot  be  accurately  calculated,  since  it  is  dependent  to  some  extent 
upon  stray  capacitance  and  inductance.  Examples  of  tuning  voltage  vs.  fre¬ 
quency  curves  for  the  receiver  front  end  may  be  found  in  Figures  13  (A,  B,  and 
C).  The  functions  shown  in  these  graphs  are  approximately  fourth  order.  They 
were  derived  from  actual  measurements  in  the  front-end  circuits .  The  voltage 
function  necessary  for  tuning  is  developed  by  a  combination  of  precision  voltage 
dividers  and  decade  switches,  described  in  paragraph  5.  5  of  this  report. 

The  RF  amplifier  Qi  is  a  type  T2028  transistor  selected  for  this 
purpose  on  the  following  considerations : 

a.  The  T2028  can  deliver  approximately  10  db  of  gain  and  has  a 
10  db  noise  figure  at  400  Me. 

b.  It  has  a  forward  AGC  characteristic  that  provides  good  gain 
control  over  a  wide  range  of  signal  input  levels. 

C,  It  is  relatively  inexpensive  and  is  readily  available. 
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Figure  13(B),  Varactor  Tuning  Volts  vs  Frequency 


The  RF  amplifiers  Qi  and  Qg  are  operated  in  the  common  base  con* 
figuration  to  obtain  maximum  gain  at  400  Me.  Attempts  were  made  initially  to 
operate  the  transistor  in  the  common  emitter  configuration;  however,  it  was 
found  that  the  lead  inductance  in  the  emitter  could  not  be  properly  bypassed  and 
degeneration  reduced  gain.  A  scheme  for  tuning  out  the  inductance  with  a 
series  capacitance  was  investigated.  The  capacitor  could  be  adjusted  to  produce 
sufficient  gain  over  a  narrow  band  of  frequencies.  It  did  not,  however,  perform 
satisfactorily  across  the  225,  to  400  Me  band  since,  t©  be  effective  it  must  be 
a  narrow  band  device. 

AGC  action  may  be  obtained  by  either  of  two  methods,  reverse  AGC 
or  forward  AGC.  For  this  application,  the  forward  AGC  mode  was  selected. 

A  comparison  of  the  two  modes  will  indicate  the  reasons  for  this  selection. 
Figure  14  illustrates  the  two  circuit  configurations*  In  the  forward  mode,  a 
resistor  is  placed  in  series  with  the  cold  end  of  the  tank  circuit.  As  the 
amplitude  of  the  input  signal  increases,  AGC  voltage  is  applied  to  drive  the 
transistor  base  more  negative,  thereby  causing  the  transistor  to  conduct 
harder.  As  the  collector  current  increases,  the  voltage  drop  across  the  col¬ 
lector  resistor  increases  causing  the  collector  to  emitter  voltage  to  decrease 
with  a  resultant  reduction  in  gain.  The  second  method  of  AGC,  (reverse  AGC) 
is  accomplished  in  the  usual  manner  by  biasing  the  transistor  off.  While  there 
is  a  greater  center  frequency  shift  and  bandwidth  variation  with  forward  AGC, 
this  condition  is  overshadowed  by  the  superior  overload  characteristics  of  for¬ 
ward  AGC.  When  reverse  AGC  is  employed,  the  overload  level  decreases  as 
the  gain  decreases,  whereas  With  forward  AGC  the  overload  level  increases  as 
the  gain  decreases.  Forward  AGC  provides  approximately  100  times  better 
overload  performance  than  reverse  AGC.  The  use  of  forward  AGC  presented 
a  problem  in  construction  of  the  actual  circuit.  It  may  be  seen  from  the  circuit 
diagram  in  Figure  14(B)  that  the  ground  point  of  the  resonant  circuit  must  be 
provided  by  capacitive  bypassing  rather  than  by  direct  grounding.  It  therefore 
becomes  necessary  to  select  a  capacitor  which  does  not  appear  inductive  at  any 
point  in  the  225  to  400  Me  frequency  band.  The  capacitor  selected  for  this 
purpose  was  a  special  disc  type  connected  into  the  circuit  such  that  the  strip¬ 
line  inductance  connects  directly  to  one  side  of  the  capacitor  and  the  ground 
plane  connects  to  the  other.  This  configuration  virtually  eliminates  all  lead 
inductance  and  was  found  experimentally  to  produce  the  best  by-passing. 

RF  Amplifier  stage  Qg  operates  in  a  manner  similar  to  that  of  the 
first  stage  Q^.  The  two  stages  produce  a  gain  of  approximately  20  db, 

A  type  T2029  transistor  was  selected  for  the  mixer  stage.  A  dis¬ 
cussion  of  the  types  of  mixers  considered  is  given  in  appendix  A  of  this  report. 
Local  oscillator  drive  of  l  mw  is  supplied  from  the  L0  doubler  stage  Q4  thru 
impedance  matching  capacitor  C28.  The  serious  circuit  of  L13  and  C27  is  a  60 
Me  trap  provided  to  present  a  very  low  impedance  to  60  Me  in  the  emitter  cir¬ 
cuit.  If  the  mixer  is  to  have  conversion  gain,  it  is  important  that  a  low 


impedance  to  60  Me  be  obtained  in  the  base  circuit  also.  A  trap  similar  to  the 
one  used  in  the  emitter  was  tried  in  the  base  circuit.  It  was  found  that  the  trap 
could  be  tuned  to  produce  mixer  conversion  gain  over  a  narrow  band  of  signal 
frequencies,  but  at  some  point  in  the  225  to  400  Me  band  it  would  cause  the 
mixer  to  become  regenerative.  It  was  found  that  if  the  coupling  capacitor  €20 
was  physically  situated  so  as  to  provide  a  direct  connection  (practically  no 
lead  length)  between  the  mixer  base  and  the  tap  on  the  stripline,  then  a  very 
low  impedance  to  60  Me  was  provided.  While  this  impedance  varies  with  fre¬ 
quency,  the  change  is  minor  and  eliminates  the  problem  of  regeneration.  The 
output  circuit  of  the  mixer  is  a  60  Me  resonant  circuit  with  a  1  Me  3  db  band¬ 
width.  The  inductance  L5  is  tapped  to  provide  a  50  ohm  output  impedance. 

The  mixer  noise  figure  is  optimum  when  the  transistor  is  operated 
at  a  collector  current  of  .  5  ma  and  is  supplied  with  1  milliwatt  of  L0  drive. 

It  was  determined  that  the  L0  drive  could  vary  from  .  8  mw  to  1.  5  mw  without 
degrading  the  noise  figure  appreciably. 

The  last  L0  doubler  stage  was  included  in  the  front  end  assembly 
since  its  frequency  range  (285-460  Me)  is  better  suited  to  the  stripline  con¬ 
struction  of  the  front-end  than  the  lumped  circuit  construction  of  the  harmonic 
generator.  The  doubler  is  tuned  across  the  required  band  with  a  varactor  of 
the  same  type  used  in  the  RF  amplifier  circuits.  The  tuning  voltage  is  obtained 
from  the  harmonic  generator  control  line.  A  more  detailed  description  of  the 
operation  of  the  doubler  stages  may  be  found  in  the  harmonic  generator  para¬ 
graph  4.4  of  this  report. 

Experimental  work  indicates  that  all  of  the  components  included  in 
the  front  end  assembly  can  be  replaced  without  the  need  for  re  tuning.  Data 
indicates  that  while  the  tuning  characteristics  of  the  varactors  are  slightly 
different,  they  are  similar  enough  to  provide  tracking  across  the  band.  It  was 
also  found  that  closer  tracking  could  be  provided,  if  desired,  by  operating  each 
Varactor  from  a  potentiometer  connected  to  the  control  line. 

Front  End  Assembly-Feasibility  Model  Performance  Data: 

The  feasibility  model  of  the  front-end  was  constructed  in  stripline 
and  tested  in  the  system  with  the  following  results : 

a.  Tuning  range :  The  front  end  can  be  continuously  timed 
through  the  225  to  400  Me  band  solely  by  the  use  of 
voltage  variable  capacity  diodes  and  without  the  need  for 
bandswitching  or  mechanical  tuning. 

b.  Sensitivity:  The  front-end  exhibits  a  8  uv  sensitivity  for  a 
10  db  S+N/N  at  frequencies  between  250  and  400  Me. 
Sensitivity  below  250  Me  is  degraded  to  approximately  30 
uv  for  10  db  S+N/N  at  235  Me.  The  reason  for  this  loss  in 
sensitivity  is  that  the  Q  of  the  tuning  varactors  is  degraded 


in  that  region.  An  explanation  of  this  loss  of  Q  is  given  on 
page  23  of  this  report.  It  is  felt  that  as  better  varactors 
become  available  this  problem  can  be  eliminated. 

No  special  components  were  used  in  the  front  end  assembly  with  the 
exception  of  capacitors  Cll,  C19,  which  are  a  special  disc  type  with  minimum 
lead  inductance.  All  other  components  are  of  standard  military  types.  The 
varactors  used  are  type  MA4358F  and  are  available  from  manufacturers  stock. 

4.  2  DIGITAL  SYNTHESIZER 

The  function  of  the  digital  synthesizer  is  to  operate  in  conjunction  with 
the  VFO  to  provide  the  17  50  discrete  local  oscillator  signals  required  for  100 
Kc  channel  spacing.  To  accomplish  this,  the  synthesizer  samples  the  VFO 
frequency  and  divides  it  by  a  pre-set  number  in  order  that  it  may  be  phase 
compared  to  the  reference  generator.  It  then  generates  a  control  voltage  re¬ 
lated  to  the  phase  difference  of  the  two  signals,  and  applies  it  to  the  tuning 
elements  in  the  VFO  so  as  to  correct  its  frequency  and  maintain  a  phase  locked 
condition  between  the  VFO  and  reference  generator. 

The  overall  goal  is  to  produce  a  signal  whose  frequency  is  determined 
by  a  given  discrete  combination  of  switch  positions.  It  is  further  required  that 
a  large  number  of  frequency  channels  be  readily  available.  It  is  highly  de¬ 
sirable  to  have  the  control  knobs  indicate  the  carrier  frequency  directly  in 
either  a  transmitter  or  receiver,  without  the  necessity  of  translation  by  the 
operator.  It  is  usually  desired  to  divide  the  tuning  range  of  a  communication 
system  into  a  number  of  constant  bandwidth  channels.  This,  in  effect,  requires 
that  the  channels  be  spaced  in  an  arithmetic  progression,  in  order  to  make  most 
efficient  use  of  the  allotted  tuning  range. 

The  use  of  switched  crystals  is  a  solution;  but  this  is  rather  complex 
and  expensive,  especially  if  the  number  of  channels  is  large  and  a  high  accuracy 
is  required.  Crystal  saver  techniques  require  fewer  crystals;  but  require 
mixers  which  introduce  problems  of  tuning  and  spurious  responses.  A  simple 
approach  would  be  to  simply  multiply  the  desired  frequency  using  one  crystal 
and  a  harmonic  multiplier.  Unfortunately,  there  is  no  practicable  way  to  ob¬ 
tain  high,  prime  number  multiplication  ratios.  There  is  a  method  to  divide  a 
frequency  by  any  integer  in  which  high  prime  numbers  are  no  more  difficult 
than  any  other  number. 

The  use  of  a  frequency  divider  suggests  the  possibility  of  a  feedback 
control  loop  consisting  of  a  frequency  divider,  a  voltage  tuned  oscillator  and  a 
suitable  error  detector.  The  most  obvious  error  detector  might  appear  to  be 
a  frequency  discriminator.  The  resulting  control  system  is  then  merely  a 
simple  regulator  in  which  an  error  must  exist  before  correction  can  take  place. 
The  magnitude  of  the  error  is  a  function  of  the  open  loop  gain.  The  principal 
deficiency  of  this  scheme  is  that  a  steady-state  frequency  error  can  exist; 
for  there  must  be  an  error  in  order  to  apply  a  corrective  voltage  to  the  oscillator. 


The  deficiencies  of  a  simple  frequency  sensitive  detector  can  be  over¬ 
come  by  using  a  phase  sensitive  detector  which  compares  the  phase  of  the 
counter  output  with  that  of  a  reference  frequency  derived  from  a  crystal 
oscillator.  In  such  a  system,  the  frequency  error  is  effectively  integrated 
with  respect  to  time.  The  integration  is  inherent  to  the  system  because  fre¬ 
quency  is  the  rate  of  change  of  phase.  In  this  system,  the  steady-state  fre¬ 
quency  error  is  zero  because  any  steady-state  error  in  frequency  would  result 
in  a  steadily  increasing  phase  error,  which  would  lead  to  a  correction.  The 
phase  sensitive  detector  system  can  have  a  steady-state  phase  error,  or  a 
velocity-lag  error  in  frequency;  but  these  are  not  serious  problems  in  the  in¬ 
tended  application. 

The  counter  used  must  be  adjustable  and  a  true  frequency  divider, 
capable  of  recycling  without  lost  time  at  the  end  of  the  count.  Such  a  counter 
may  be  devised  by  dividing  it  into  two  parts,  with  appropriate  transfer  gating, 
so  that  the  count  is  alternately  transferred  from  side  to  side.  The  total  count 
to  completely  cycle  the  counter  is  then  the  sum  of  counts  in  the  two  sides .  The 
division  is  adjusted  by  presetting  one  side  during  its  non-counting  period. 

Such  a  counter  is  shown  in  Figure  15.  The  blocks  labeled  A,  B,  B,  and  C, 
(Figure  15),  constitute  the  preset  side.  The  blocks  labeled  D,  E,  and  F,  (Fig¬ 
ure  15),  constitute  the  fixed  side.  The  flip-flop  and  gates  in  the  H  block  affect 
the  count  transfer,  while  the  single-shot  and  pulse  amplifier  produce  the  preset 
pulse.  The  preset  number  is  controlled  by  the  tuning  knobs. 

The  exact  details  of  proportioning  the  counter  depends  upon  the  number 
of  channels  and  IF  frequency  offset.  As  an  example,  the  UHF  receiver  which 
was  built  will  be  considered.  This  receiver  must  tune  from  225. 0  to  399. 9 
Me.  The  IF  frequency  is  60. 0  Me.  The  oscillator  is  specified  to  operate  on 
the  hjigh  side  of  the  signal  in  order  to  reduce  the  high  to  low  end  frequency 
range.  The  channel  spacing  is  100  Kc. 

The  above  specification  requires  that  the  local  oscillator  signal,  in¬ 
jected  at  the  mixer,  must  vary  from  285. 0  to  459. 9  Me  in  17 50  steps  of  0.1 
Me.  Since  it  is  beyond  the  present  state-of-the-art  to  construct  a  suitable 
counter  to  operate  directly  at  these  frequencies ,  a  harmonic  multiplier  was 
used  to  multiply  the  VFO  frequency  to  the  required  value.  The  present 
practicable  limit  to  the  counter  frequency  is  approximately  30  Me.  A  simple 
division  shows  that  the  harmonic  multiplier  must  multiply  by  a  number  greater 
than  459. 9/30  =  15.3.  It  is  also  an  important  practical  consideration  that  the 
harmonic  multiplier  ratio  be  a  number  composed  entirely  of  factors  of  two  and 
three,  since  doubling  or  tripling  are  relatively  easy.  Ratios  of  16,  18,  24,  27, 
and  etc.  are  suitable.  A  ratio  of  16  was  chosen  because  it  is  composed  of 
four  doublers.  The  required  VFO  tuning  range  is  then  285. 0/16  =  17.8125  Me 
to  459.9/16  =  28.74375  Me.  One  channel  frequency  change  at  the  VFO  is  then: 
100  Kc  /16  =  6250  cycles  per  second,  which  is  the  correct  reference  frequency. 


It  now  becomes  convenient  to  think  of  the  synthesizer  in  terms  of 
channels .  Let  the  over-all  divisor  number  be  designated  N.  The  action  of  the 
servo  loop  is  such  that  the  VFO  frequency  is  adjusted  so  that  dividing  the  VFO 
frequency  by  N  exactly  equals  the  reference  frequency.  This  is  equivalent  to 
saying  that  the  VFO  frequency  is  N  times  the  reference  frequency.  In  the  ex¬ 
ample  the  reference  frequency  corresponds  to  one  channel.  The  range  of  N  is 
from  2850  to  4599  for  a  dial  setting  of  225. 0  to  399.9  respectively. 

In  order  to  make  the  proper  translation  for  the  dials  to  read  the  carrier 
frequency  directly,  it  is  desired  to  have  the  three  least  significant  dials  read  in 
a  decimal  fashion.  The  most  significant  dial  must  read  only  two  positions.  In 
Figure  15,  the  blocks  labeled  A  and  the  two  blocks  labeled  B  must  therefore  be 
decades.  The  block  labeled  C  may  be  an  ordinary  binary  counter  of  sufficient 
Size, 

Also  in  order  to  make  the  proper  translation  of  600  channels  offset, 
the  side  of  the  divider  made  up  of  blocks  D,  E,  and  F  may  form  a  scale  of  600, 
1600,  or  2600.  The  significance  of  these  numbers  is  that  block  C  counts  in 
thousands  of  channels .  The  entire  left  side  must  pass  from  a  number  ending  in 
999  to  the  next  even  thousand  as  the  dials  are  changed  from  299.9  to  300.0. 

This  can  be  accomplished  by  forcing  the  units,  tens,  and  hundreds  of  offset 
channels  into  the  right  hand  side.  Of  the  choices  of  counts  in  the  right  hand 
side,  600  is  desirable  because  it  requires  a  minimum  of  hardware  and  still 
allows  sufficient  time  for  presetting.  Making  block  C  a  total  of  four  counts 
will  give  a  total  of  4000  +  600  =  4600  counts  total,  which  is  sufficient. 

The  count  transfer  is  accomplished  by  a  gating  arrangement  in  block 
H.  Suitable  "9's  sensing"  coincidence  gates  affect  the  transfer  when  the  left 
side  reaches  the  count  of  3999.  The  return  is  made  when  the  right  hand  side 
reaches  599.  These  numbers  are  of  great  significance  due  to  several  unusual 
properties .  These  numbers  are  respectively  one  count  less  than  the  count 
which  changes  the  entire  side  to  zero.  These  numbers  are  obtained  with  the 
absolute  minimum  propagation  delay  through  the  counter.  This  is  of  great 
importance  for  the  gating  must  occur  in  less  than  one  count  interval.  The 
choice  of  these  numbers  makes  the  dial  translation  perfect,  as  will  be  illustrated. 

Suppose  the  dials  are  set  on  a  number  D,  in  megacycles.  The  correct 
value  of  N  is : 

N  =  10  D  +  600 

Let  the  left  hand  side  be  preset  to  a  number,  P.  The  left  side  then 
counts  3999-P  counts.  The  right  hand  side  counts  one  complete  cycle  from 
599  to  599  or  600  counts .  The  sum  of  the  two  is  equal  to  N.  Thus, 

N  =  3999-P  +  600. 
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Equating  the  above  two  expressions  for  N  gives: 

10D  +  600  *  3999  -  P+  600. 

Solving  for  P: 

P  *  3999  -  10D 

It  is  apparent  that  subtracting  any  smaller  number  from  3999  results 
in  no  carries  ( or  borrows) .  The  presetting  is  then  very  easy.  Each  counter 
block  has  a  corresponding  switch.  For  the  three  least  significant  dials,  sub¬ 
tracting  that  dial  number  from  nine  yields  the  preset  number  in  the  corresponding 
decade.  For  the  most  significant  dial,  subtracting  that  dial  number  from  three 
yields  the  preset  number  in  the  scale  of  four  counter  in  block  C. 

It  should  be  noted  that  the  design  of  the  digital  frequency  divider  and 
solving  the  dial  translation  problem  is  a  straight  forward  arithmetic  exercise. 

The  right  hand  portion  in  the  example  was  obtained  using  feed-back  counters 
because  it  was  convenient.  If  a  similar  presetting  arrangement  were  made  On 
the  right  hand  side,  any  integral  number  of  channel  offset  could  be  used.  By 
suitable  switching  of  these  right  hand  side  presets,  a  trans mi t- re ceive  synthesizer 
or  a  high-low  offset  is  possible.  Fractional  channel  off-setting  can  be  attained 
if  the  offset  is  a  rational  number  of  channels  (  602  1/4,  for  example,  by  multi¬ 
plying  N  by  four  and  causing  the  least  significant  dial  to  stop  only  every  four 
counts).  Finally,  in  certain  cases  the  right  hand  side  might  be  a  simple  binary 
chain  for  certain  offsets.  The  purpose  of  these  examples  is  to  emphasize  that 
the  design  of  the  particular  synthesizer  described  in  the  foregoing  is  not  based 
on  an  obscure  numerical  oddity.  The  offset  of  600  channels  is  convenient;  but 
not  unique.  The  division  scheme  can  be  found  by  a  s traight-f orward  process 
for  any  number  of  channels  and  any  rational  number  of  channels  offset,  including 
zero  and  negative  offsets .  A  practical  limitation  to  observe  is  that  on  either 
side  the  minimum  count  must  allow  adequate  presetting  time. 

The  entire  digital  portion  of  the  synthesizer  was  birt  It  on  ten  plug-in 
boards  similar  to  Figure 46,  ( Figure  46  is  located  in  Appendix  C.  See  List  of 
Illustrations  for  page  number.)  Seven  boards  make  up  the  two  portions  of  the 
frequency  divider.  There  is  one  control  board  (block  H),  a  scale  of  16  counter 
to  derive  the  6250  cycle  reference  frequency  from  a  100  KC  crystal  oscillator 
( block  G)  and  a  phase  detector  card  "J"  shown  in  Figure  15. 

The  phase  detector  card  consists  of  a  pulse  amplifier  to  generate 
a  20  volt  sample  pulse  at  the  end  of  the  VFO  counter  cycle .  The  single-shot, 
sawtooth  generator,  and  emitter-follower  produce  a  low  impedance  sawtooth 
waveform  in  synchronism  with  the  6250  cycle  per  second  reference  frequency. 

The  sampler  is  a  bilateral  gate  so  arranged  that  the  pulse  samples  the  sawtooth 
waveform.  Provision  is  made  to  add  the  approximate  VFO  tuning  voltage,  which 
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is  derived  from  die  frequency  control  switches  and  a  voltage  divider.  The 
capacitor  stores  the  sample  voltage  between  corrections. 

The  overall  function  of  the  phase  detector  card  is  to  add*  or  subtract, 
the  necessary  correction  to  the  approximate  VFO  tuning  voltage  to  produce  the 
exact  VFO  tuning  control  voltage  required.  This  was  accomplished  by  using  a 
pulse  generated  at  the  completion  of  one  cycle  of  the  VFO  frequency  divider  to 
sample  a  sawtooth  waveform  generated  by  the  6250  cycle  per  second  reference 
signal.  This  sample  voltage  is  stored  in  a  capacitor  to  maintain  a  constant 
control  voltage  between  samples.  The  relative  phase  between  the  start  of  the 
Sawtooth  waveform  and  the  occurrence  of  the  counter  pulse  determines  the 
sample  voltage  and  thus  the  control  voltage  during  the  following  interval,  if 
the  VFO  frequency  is  low,  sampling  occurs  later,  and  at  a  higher  voltage,  than 
the  previous  sample.  This  raises  the  VFO  frequency  during  the  following  interval 
A  similar  action  occurs  to  lower  the  VFO  frequency,  when  necessary.  The  VFO 
control  voltage  follows  a  series  of  steps  which  converge  on  the  exact  value.  The 
condition  of  phase-lock  occurs  when  sampling  repeatedly  occurs  at  the  same 
voltage.  The  advantage  of  this  type  phase  detector  is  that  the  need  for  correction 
is  immediately  recognized  and  the  correction  process  started.  Once  phase-lock 
occurs,  the  steps  in  the  control  voltage  become  imperceptably  small.  This 
permits  fast  correction,  a  wide  lock  range  with  respect  to  voltage,  and  low 
ripple  content. 

In  the  digital  portion  voltage  and  component  tolerances  were  considered. 
Although  this  portion  might  appear  complex,  past  experience  has  shoWmsimilar  cir¬ 
cuitry,  to  be  highly  reliable,  in  even  more  complex  systems .  The  use  of  modular  con~ 
s traction  or  similar  techniques  would  make  it  possible  to  meet  severe  environ¬ 
mental  and  mechanical  specifications. 

A  detailed  discussion  of  the  circuits,  methods  of  testing,  and  the 
solution  to  some  minor  problems  encountered  can  be  found  in  Appendix  C. 

4.3  VARIABLE  FREQUENCY  OSCILLATOR 

The  variable  frequency  oscillator  shown  in  Figure  16  is  the  basic  local 
oscillator  for  the  receiver.  Its  function  is  to  generate  any  of  1750  pre-set 
frequencies  between  17.  8125  and  28.  75  Me. 

These  signals  are  multiplied  by  a  factor  of  16  and  become  the  local 
osicalltor  signals  for  tuning  the  225  to  400  Me  band  in  100  Kc  steps.  The  VFO 
is  located  electrically  in  a  phase  locked  loop  (Reference  Figure  9).  The  oscil¬ 
lator  circuit  is  a  Colpitts  type  and  is  tuned  by  means  of  voltage  variable  capacity 
diodes .  The  tuning  voltage  is  determined  by  the  combination  of  a  pre-set  voltage 
and  a  variable  voltage  provided  by  the  phase  lock  circuitry.  A  detailed  explana¬ 
tion  of  the  phase  lock  circuits  may  be  found  in  paragraph  4.2  of  this  report. 


Figure  16.  Variable  Frequency  Oscillator 
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VFO  Characte  r  is  tic  s : 


a.  Tuning  range  -17.  8125  Me  to  28.  750  Me 

b.  Tuning  mechanism  -  voltage  variable  capacity  diodes 

c.  Output  Level  -  60  mV  across  50  ohms 

d.  Frequency  stability  -  refer  to  page  58. 

A  schematic  diagram  of  the  VFO  is  shown  in  Figure  17.  A  description 
of  the  circuit  operation  is  as  follows:  The  circuit  is  a  Colpitts  VFO  utilizing 
variable  capac ity  diodes  as  the  tuning  elements.  Two  diodes  are  operated  in 
parallel  to  minimize  the  tuning  effect  of  transistor  collector  capacitance.  This 
collector  capacitance  varies  with  temperature;  consequently  it  has  an  appreciable 
effect  on  tuning  when  the  varactor  is  operated  at  minimum  capacity  (6  uuf).  By 
paralleling  two  diodes,  the  minimum  diode  capacity  is  doubled,  thereby  reducing 
the  effects  of  collector  capacitance .  The  transistor  is  biased  such  that  the 
collector  o  base  voltage  is  less  than  3  volts.  Although  this  low  voltage  reduces 
the  gain  of  the  transistor  and  degrades  stability  somewhat,  it  is  a  necessary 
condition  for  providing  the  proper  tuning  range.  In  order  to  tune  the  17  Me  to 
28  Me  band,  the  varicap  control  voltage  must  swing  from  +3V  to  +120V. 

The  diode  must  remain  in  its  reverse-biased  state,  hence,  the  peak 
AC  voltage  swing  at  the  collector  of  the  transistor  must  remain  lower  than 
the  3 -volt  control  voltage  minimum.  This  prevents  rectification  of  the  AC  by 
the  varactor  which  would  cause  self  biasing.  The  oscillator  is  lightly  coupled 
to  a  buffer  amplifier  stage  which  provides  80  mV  ±1.5  db  of  signal  into  50  ohms. 
The  buffer  circuit  was  made  a  part  of  the  VFO  assembly  since  it  is  advantageous 
to  have  the  VFO  isolated  completely  from  the  external  cabling.  The  buffer 
insures  that  impedance  variations  in  the  cables  or  circuits  driven  by  the  VFO 
will  not  affect  its  operating  frequency  or  stability.  A  zener  diode  circuit  is 
provided  to  maintain  a  regulated  supply  voltage  for  the  oscillator.  Decoupling 
networks  are  provided  for  both  the  +20  volt  supply  line  and  the  varactor  control 
line.  It  should  be  noted  that  the  control  line  decoupling  circuits  are  designed 
for  filtering  high  frequencies  only,  such  that  they  do  not  present  any  appreciable 
phase  shift  in  the  control  loop  response. 

Frequency  Stability: 

The  VFO  is  required  to  have  both  amplitude  and  frequency  stability. 
Amplitude  stability  is  required  for  two  reasons:  (a)  The  amplitude  of  signal 
provided  for  the  digital  portion  of  the  circuitry  must  remain  fairly  constant  to 
insure  phase  locking;  (b)  The  amplitude  of  the  signal  provided  for  the  multiplier 
must  remain  within  1  mw  ±1. 5  db  in  order  that  the  signal  mixer  will  have  the 
proper  local  oscillator  drive  level. 


Frequency  stability  is  required;  to  maintain  accurate  lOOKc  channel 
tuning  and  to  prevent  FM  distortion  in  the  IF  Amplifier.  This  distortion  develops 
as  follows: 

Frequency  deviations  of  the  VFO  will  produce  IF  carrier  deviations 
which  are  equal  to  the  product  of  the  multiplication  factor  Of  the 
harmonic  generator  (16)  and  the  frequency  deviation  of  the  VFO.  Jf 
the  IF  bandpass,  for  example,  were  perfectly  flat  over  the  32Kc 
center  portion,  then  a  VFO  deviation  of  ±lKc  or  less  would  produce 
no  FM  distortion  in  the  receiver  output.  A  typical  IF  bandpass  for 
100  Kc  channel  spacing  is  shown  in  Figure  18.  Considering  a  30  percent 
audio  modulation  and  selecting  a  minimum  desired  audio  signal  to  noise 
ratio  of  30  db,  the  AM  produced  by  carrier  shift  cannot  exceed  .  95  per¬ 
cent.  The  maximum  slope  within  the  pass  band  is  about  .  0037  percent 
modulation  per  cycle.  At  this  point  of  maximum  slope,  a  carrier  shift 
of  256  cycles  produces  a  .  95  percent  amplitude  modulation.  Since  the 
local  oscillator  frequency  is  multiplied  by  16,  the  permissible  VFO 
shift  is  256/16  =  16  cycles  of  ±8  cycles.  Several  causes  of  frequency 
variations  in  the  VFO  are  listed  in  the  following  paragraphs .  With 
each  cause  a  discussion  of  the  steps  taken  to  reduce  or  eliminate 
the  variations  is  given. 

Temperature  as  a  cause  Of  frequency  variation: 

Tepiperature  variations  produce  changes  in  the  capacitance  and  induc¬ 
tance  of  circuit  components  with  a  resultant  change  in  oscillator  frequency. 
Capacitors  which  are  within  or  connected  to  the  oscillator  tuned  circuit  such 
as  C  1,  2,  3  in  Figure  17  were  selected  from  high  grade  ceramic  capacitors 
that  have  small  percentage  variations  with  temperature.  Temperature  com¬ 
pensated  capacitors  would  be  best  Suited  for  this  case;  however,  they  were  not 
readily  available  at  the  time  of  VFO  construction,  in  the  values  required.  Also, 
some  amount  of  variation  can  be  tolerated  since  it  will  be  compensated  for  by 
the  action  of  the  frequency  control  loop.  The  amount  of  variation  that  can  be 
tolerated  is  determined  by  the  ability  of  the  control  circuit  to  lock  the  VFO 
within  a  normal  range  of  temperatures.  The  inductance  in  the  tuned  circuit 
was  formed  on  a  Rexolite  rod  and  encapsulated  in  a  material  with  properties 
similar  to  that  of  Rexolite  to  minimize  inductive  tuning  with  temperature . 

The  greatest  tuning  effect  with  temperature  is  contributed  by  the  transistor. 

Since  the  transistor  is  operated  at  reduced  gain  in  order  to  minimize  varactor 
rectification  of  the  AC  signal,  its  variation  in  gain  with  changing  temperature 
is  aggravated.  Changes  in  gain  produce  changes  in  transistor  collector  capaci¬ 
tance.  Since  the  transistor  collector  capacitance  is  directly  in  parallel  with 
die  tuned  circuit,  changes  in  this  capacitance  have  a  direct  effect  upon  frequency, 
This  effect  was  reduced  by  placing  two  varactors  in  parallel,  such  that  their 
combined  minimum  tuning  capacitance  (12  uuf)  is  much  greater  than  the  change 
in  collector  capacitance .  The  change  in  capacitance  of  tile  varactors  with 
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temperature  is  negligible  over  the  selected  range  of  0°  to  50° C  and  they  were 
therefore  left  uncompensated.  The  effect  of  temperature  upon  VFO  frequency 
is  shown  in  a  graph,  Figure  19.  It  can  be  seen  that  the  average  frequency  change 
in  the  VFO  with  temperature  from  0°  to  50°C  is  approximately  ±300  Kc  with  the 
worst  case  (±500  Kc)  occurring  in  the  28  Me  region.  One  requirement  of  the 
phase  lock  system  is  thereby  established;  it  must  have  sufficient  voltage-lock 
range  (approx.  20V)  to  hold  the  phase  lock  condition  across  the  frequency  band. 

Voltage  variation  as  a  cause  of  frequency  variation: 

Frequency  deviations  in  the  VFO  may  occur  from  changes  in  either 
supply  voltage  or  varactor  control  voltage .  Changes  in  supply  voltage  will 
result  in  a  change  in  transistor  gain  and  collector  capacitance,  with  a  resultant 
frequency  deviation.  To  eliminate  such  occurrences,  the  regulated  +20  volts 
from  the  power  supply  is  further  controlled  by  a  1?  volt  zener  circuit  within  the 
VFO  chassis.  Test  indicate  a  maximum  change  of  ±2  Kc  at  17 Me  will  occur  for 
a  ±1  V  change  at +20  V.  The  change  decreases  to  ±1  Kc  at  28  Me.  The  most 
significant  changes  in  frequency  due  to  voltage  variations  are  caused  by  varia¬ 
tions  on  the  varactor  control  line. 

Figure  20  shows  a  graph  of  frequency  vs.  control  voltage  for  the  VFO. 

It  can  be  seen  that  the  greatest  effects  of  voltage  variation  upon  frequency  are 
obtained  at  the  lower  end  of  the  frequency  band.  In  the  17.2  to  18  Me  region 
the  tuning  function  is  equal  to  750  KC/volt  or  750  cy/Mv.  Therefore,  a  1  mv 
change  in  the  DC  control  line  will  produce  a  carrier  deviation  in  the  IF  equal  to 
(750  cps  x  16)  or  12  Kc.  To  minimize  this  effect,  a  well  regulated  low  ripple 
supply  was  designed  and  fabricated.  It  should  be  pointed  out  that  any  changes  in 
the  supply  voltage  that  occur  at  frequencies  within  the  control  loop  response  will 
be  reduced  by  the  action  of  the  loop. 

Shock  and  vibration  as  a  cause  of  frequency  variation: 

All  components  and  leads  within  and  surrounding  the  tuned  circuit  were 
rigidly  mounted  to  prevent  changing  lead  to  chassis  capacitances  and  changing 
inductance  in  the  tuning  coil.  Several  types  of  inductors  and  various  potting 
compounds  were  investigated.  A  discussion  of  this  study  is  given  in  Appendix  B, 
Sections  3,  4,  and  7,  of  this  report.  The  coil  selected  was  fabricated  by  loose 
winding  #18  wire  on  a  1/2"  Rexolite  rod.  It  was  mounted  away  from  other  com¬ 
ponents  and  the  side  plates  of  the  chassis,  and  the  entire  assembly  was  potted 
in  "Eccomold  L65.  "Potting  causes  some  difficulties,  discussed  in  Appendix  B, 
Section  8  of  this  report. 

The  VFO  was  tested  by  techniques  described  in  Appendix  B.  The  sig¬ 
nificant  results  of  the  test  are  as  follows: 

The  oscillator  tuning  range  is  17.  8125  Me  to  28.750  Me  for  a  control 
voltage  range  of  +3V  to  +120V.  Oscillator  short  term  stability  when  measured 
as  described  in  Appendix  B-3  and  without  the  phase-lock  loop  is  approximately 
±1.  75  ppm.  Long  term  stability  as  indicated  by  graph,  Figure  19  ,  is  20  Kc 
per  degree  C. 
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Figure  20.  Varactor  Bias  vs  Frequency 


Both  long  an#  short  term  stability  are  improved  when  the  oscillator  is 
controlled  by  the  phase  locked  loop.  The  long  term  stability  becomes  equal  to 
that  of  die  crystal  reference  oscillator,  whereas  the  short  term  stability  is 
determined  by  both  the  short  term  stability  of  the  crystal  oscillator  and  the  re® 
sponse  of  the  phase  locked  loop.  It  was  found  in  testing  the  VFO  (refer  to 
Appendix  B)  that  the  rate  at  which  the  majority  of  VFO  frequency  deviations 
occurred  was  less  than  100  cps ,  a  rate  which  falls  within  the  control  loop 
response . 

The  VFO  stability  was  measured  in  the  receiver,  with  the  phase  locked 
loop  closed.  Both  long  and  short  term  stability  were  found  to  be  equal  to  that 
Of  the  crystal  reference  oscillator  when  measured  by  a  frequency  counter, 

(Hewlett  Packard  Model  524).  The  oscillator  was  tested  at  vibration  frequencies 
of  60  to  1000  cps  at  15  G's  in  all  three  planes .  No  significant  changes  in  the 
performance  of  the  oscillator  were  noted  either  during  or  following  the  vibration 
tests . 

The  VFO  is  constructed  in  three  shielded  compartments .  The  first 
compartment  contains  the  frequency  sensitive  components  of  the  oscillator 
circuit  and  the  lead  side  of  the  transistor.  The  two  tuning  varactors  are  mounted 
above  the  coil  with  silver  strap  and  brass  ferrules  to  reduce  lead  inductance . 

The  second  shielded  compartment  contains  the  buffer  amplifier  stage  Q2,  and 
the  third  shielded  compartment  contains  the  power  and  control  line  filters. 

4.  4  HARMONIC  GENERATOR 

The  harmonic  generator  hardware  is  divided  into  two  units.  The  major 
portion  is  shown  in  Figure  21  and  a  block  diagram  is  shown  in  Figure  22.  It 
contains  three  amplifiers,  an  emitter  follower  and  three  frequency  doublers. 

The  other  portion  of  the  harmonic  generator  (a  doubler)  is  located  in  the  stripline 
RF  front  end  section  (reference  Section  4. 1). 

The  function  of  the  composite  harmonic  generator  is  to  deliver  to  the 
mixer  one  milliwatt  of  RF  power  at  the  16th  harmonic  of  the  variable  frequency 
oscillator. 

The  multiplication  is  accomplished  using  four  transistor  frequency 
doublers,  tuned  by  varactors.  Each  frequency  doubler  is  tuned  with  a  steped 
preset  voltage  which  corresponds  to  every  1-Mc  change  of  the  receiver  frequency. 
The  tuning  curve  for  the  harmonic  generator  is  approximately  a  4th  order  curve 
and  is  similar  to  the  curve  of  Figure  20.  This  curve  was  obtained  by  monitoring 
the  preset  voltage  required  to  tune  the  variable  frequency  oscillator  to  the  center 
of  the  lock  range  of  the  phase  lock  loop  (while  operating).  The  harmonic  generator 
tank  circuit  inductors  were  then  adjusted  so  that  the  harmonic  generator  tuning 
curve  tracked  the  VFO  tuning  curve.  The  resistors  for  the  voltage  divider, 
needed  to  approximate  this  tuning  curve,  were  chosen  to  give  the  exact  voltages 
at  every  10 -Me  position,  i.e, :  230-Mc,  240-Mc.  The  units  Me  voltages  between 
any  adjacent  10  Me  voltages  on  the  curve  were  assumed  to  be  linear. 
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Figure  21,  Harmonic  Generator 
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Figure  22,  Harmonic  Generator  Block  Diagram 
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Each  frequency  doubler  has  a  5.5  db  loss.  Therefore,  the  composite 
harmonic  generator  has  a  total  loss  of  22  db.  (4  x  5.5).  The  variable  frequency 
oscillator  output  is  at  -10  dbm.  which  means  a  gain  of  32  db  is  needed  to  supply 
1  milliwatt  to  the  mixer.  This  gain  is  acquired  with  three  wideband  transistor 
amplifiers . 

Referring  to  the  schematic  (Figure  23),  the  harmonic  generator  operates 
as  follows:  The  first  amplifier,  Ql,  receives  a  signal  (17.8125-Mc  to  28. 74375 
Me)  from  the  variable  frequency  oscillator  and  amplifies  it  to  drive  the  first 
frequency  doubler,  Q2,  and  an  emitter  follower,  Q3.  The  emitter  follower 
supplies  the  digital  phase  lock  section  with  the  variable  frequency  oscillator 
output.  The  emitter  follower  is  used  to  obtain  loading  isolation  and  drive  into 
the  digital  section.  The  first  amplifier  has  a  gain  of  13  db  over  the  desired 
frequency  range .  The  first  doubler,  Q2,  is  operated  class  C  and  is  tuned  by 
the  varactor,  CR1,  to  a  frequency  which  is  twice  the  input  frequency.  The 
resistor,  R,  is  used  to  lower  the  Q  of  the  tank  circuit  to  alleviate  the  problem 
of  the  signal  being  larger  than  the  bias  voltage  on  the  varactor.  When  the  signal 
is  larger  it  is  rectified  by  the  varactor  and  is  added  to  die  bias,  this  changes 
the  capacitance  of  the  varactor  thereby  changing  the  resonance  point.  It  is  ad¬ 
visable  to  do  any  multiplying  at  low  signal  levels,  and  then  amplify  if  the  fre¬ 
quencies  are  in  a  range  where  amplification  is  feasible. 

The  first  doubler,  Q2,  is  biased  class  "C"  and  drives  the  second 
doubler,  Q4,  which  again  doubles  the  frequency  with  a  class  C  (varactor  tuned) 
circuit.  The  second  amplifier*  Q5,  is  fed  from  the  second  doubler  and  is  a 
class  A  amplifier  utilizing  Single  tuned  circuits.  It  has  a  gain  of  13  db  over  the 
frequency  range  of  71. 25-Mc  to  115-Mc  with  the  broad  band  amplifier  tuned  at 
100-Me.  This  amplifier  drives  the  third  doubler,  Q6,  which  is  again  a  class  C 
operated  T2028  transistor  with  a  varactor  tuned  output  circuit  driving,  Q7,  the 
third  amplifier.  This  amplifier  is  a  double  tuned  Class  A  amplifier  with  a  gain 
of  7  db  over  the  frequency  range  of  142.5-Mc  to  230-Mc. 

The  fourth  frequency  doubler  circuit  is  identical  to  the  first  three 
doublers  but  due  to  the  frequencies  involved,  285-Mc  to  460-Mc,  it  was  built 
on  the  stripline  with  the  RF  front  end  and  mixer.  (Reference  paragraph  4. 1) 

The  three  doublers  each  have  a  detector  placed  on  the  tank  circuit 
alignment.  This  tuning  device  which  remains  on  the  tuned  circuit  at  all  times 
precludes  the  frequency  shift  or  misalignment  which  takes  place  when  an  AC 
probe  of  a  VTVM  is  connected  and  disconnected  to  the  circuit  involved. 

The  +20  volt  line  to  each  circuit  and  the  tuning  control  line  to  each 
varactor  is  decoupled  by  an  L-C  section  of  sufficient  values  to  keep  any  RF 
signals  off  these  dc  voltage  lines. 
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Fig 


5  .  ANCILLARY  EQUIPMENT 

Section  5  contains  a  description  of  the  ancillary  units  of  the  UHF  Solid 
State  Tuning  Device.  The  units  in  this  category  are  those  that  are  fixed  tuned 
or  those  that  are  not  directly  connected  with  the  channelling  mechanism. 

5.1  SECOND  MIXER 

The  second  mixer  is  illustrated  in  pictorial  Figure  24,  and  a  block 
diagram  of  this  unit  is  shown  in  Figure  25.  The  function  of  this  assembly  is  to 
amplify  the  60  Me  signals  from  the  first  mixer  (located  in  the  front  end  assembly), 
convert  them  to  a  10.7  Me  IF  frequency,  and  provide  the  necessary  image  re¬ 
jection  and  noise  figure  at  the  input  terminals.  This  unit  also  contains  the  crys¬ 
tal  filter  selectivity  package  for  lOOKc  channel  spacing  in  the  receiver. 

Theory  of  Operation: 

Refer  to  schematic  diagram,  Figure  26. 

Signals  from  the  first  mixer  are  amplified  by  the  first  stage,  Ql.  The 
gain  of  this  amplifier  is  controlled  by  the  AGC  line  to  prevent  overdriving  at 
high  signal  levels .  The  tuned  circuit  containing  C 1  and  LI  is  resonant  at  60  J4C  to 
improve  the  image  rejection  of  the  second  mixer.  Local  oscillator  drive  for 
the  mixer  is  produced  by  oscillator  Q2,  which  operates  at  a  crystal  controlled 
frequency  of  49.3  Me.  The  60  Me  signal  and  the  49. 3  Me  oscillator  signal  are 
combined  in  mixer  Q3  to  produce  an  IF  frequency  of  10.7  Me.  The  mixer  output 
is  fed  through  crystal  filter  FL1  which  provides  the  proper  bandpass  for  lOOKc 
channel  spacing. 

5.2  IF  AMPLIFIER 

The  IF  amplifier  is  shown  in  pictorial  Figure  27.  A  block  diagram  of 
the  IF  amplifier  is  shown  in  Figure  28.  The  IF  amplifier  produces  approximately 
85  db  of  gain  at  10. 7  Me.  The  audio  portion  of  the  signal  is  detected  and  ampli¬ 
fied  to  provide  50  milliwatts  of  audio  output.  An  AGC  detector  and  amplifier 
are  also  provided  to  develop  a  gain  control  voltage  for  the  first  three  10.  7  Me 
amplifier  stages,  the  60  Me  amplifier  in  the  2nd  mixer  assembly,  and  the  RF 
amplifier  stages  in  the  front-end  assembly. 

A  schematic  diagram  of  the  IF  amplifier  is  shown  in  Figure  29. 

5.3  REFERENCE  GENERATOR 

The  reference  generator  shown  in  Figure  30  supplies  the  accurate 
clock  pulse  to  the  digital  synthesizer  for  its  use  as  a  reference  in  maintaining 
accurate  frequency. 
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Figure  24.  Second  Mixer  Unit 


Figure  25.  Second  Mixer  Block  Diagram 
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Second  Mixer  Schematic  Diagra 


Figure  27.  IF  Amplifier 


Figure  28.  IF  Amplifier  Block  Diagram 


Figure  29.  IF  Amplifier  Schematic  Diagram 
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The  100  Kc  reference  oscillator  (see  schematic,  Figure  31)  is  a  crystal 
controlled  oscillator  using  a  2N332  silicon  transistor,  Q^.  The  crystal  unit  is 
placed  in  series  with  the  feedback  connection  from  the  capacitively-tapped  tuned 
collector  circuit  to  the  emitter.  The  use  of  a  tuned  collector  circuit  prevents 
oscillation  at  spurious  crystal  frequencies.  The  oscillator  output  is  fed  into  the 
amplifier  clipper  Q2,  through  capacitor  Cg.  This  amplifier  is  overdriven  to 
give  a  1  microsecond  rise  time,  6  volt  peak-peak  square  wave  output  to  drive 
the  divide  by  sixteen  digital  circuitry. 

The  oscillator  and  amplifier-clipper  were  tested  for  frequency  stability 
for  variations  of  temperature  and  supply  voltage.  For  a  supply  voltage  variation 
of  ±10  percent,  the  frequency  variation  was  less  than  .  1  cycle.  A  temperature 
variation  of  50°C  (0°  to  50°C)  produced  a  frequency  variation  of  3. 8  cycles . 

This  frequency  variation  is  caused  by  the  crystal  unit  itself.  This  stability  was 
acceptable  for  this  model.  If  the  crystal  unit  were  placed  in  an  oven  a  stability 
of  one  part  in  10®  could  easily  be  obtained. 

5.4  POWER  SUPPLY 

The  power  supply  shown  in  pictorial  Figure  32  is  designed  to  operate 
on  115  Volts,  60  cps.  There  are  four  outputs  available;  +6  volts  at  1  ampere, 

-6  volts  at  100  milliampere,  +20  volts  at  120  milliamperes  and  120  volts  at  15 
milliam peres.  The  supply  was  designed  to  meet  the  following  specifications: 

+6  Volt,  -6  volt  and  +20  volt  outputs:  ±5  percent  regulation  for  ±10  per¬ 
cent  line  variations,  ±10  percent  load  variations  and  temperature  range 

0°C  to  50°C.  Ripple  10  millivolts . 

120  volt  output:  ±!  percent  regulation  for  ±10  percent  line  variations, 

±10  percent  load  variations  and  temperature  range  0'C  to  50°C.  Ripple 

1  millivolt  and  all  outputs  adjustable  ±5  percent. 

Refer  to  schematic  Figure  33.  The  transformer,  Tl,  supplies  four 
series  transistor  regulators  through  four  center-tapped  secondaries.  The 
secondary  voltages  are  full  wave  rectified,  and  filtered  by  capacitor  input  filters. 

The  +20  volt  regulator  uses  a  single  transistor,  Ql,  as  a  series  regu¬ 
lator.  The  zener  diode,  CR9,  is  used  for  a  reference  with  the  potentiometer, 

R3,  providing  output  voltage  variation  by  tapping  down  from  the  zener  reference 
voltage.  Resistor  R2  provides  current  to  keep  the  zener  diode  CR9  conducting. 
Capacitor  C2  is  used  for  ripple  reduction,  with  its  capacity  being  multiplied  by 
the  dc  beta  of  transistor  Ql  and  effectively  placed  across  the  output  terminals. 
Resistor  R1  is  used  to  reduce  the  input  voltage  to  the  regulator  which  was  some¬ 
what  higher  than  necessary  from  the  transformer.  Regulation  is  obtained  as 
follows:  if  the  output  voltage  increases  the  base-emitter  voltage  of  A1  decreases 
causing  its  impedance  to  increase  which  decreases  the  output  voltage.  If  the 
output  voltage  decreases,  the  impedance  of  Ql  decreases  causing  the  output 
voltage  to  increase. 
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Figure  32,  Power  Supply 


+  20  VOLT 


Figure  33.  Power  Supply  Schematic  Diagram 


The  +6  volt  regulator  uses  a  series  transistor,  Q2,  driven  by  the 
comparator  amplifier  Q3.  The  zener  diode  CR11  sets  a  reference  voltage  which 
is  adjustable  for  output  voltage  adjustments  through  potentiometer  R7.  The 
zener  diode  CR10  senses  errors  in  the  output  voltage .  The  current  to  CR10  is 
supplied  by  resistor  R8,  while  resistors  R6  and  R7  supply  current  to  CR11. 

The  regulator  operates  as  follows;  if  the  output  voltage  decreases,  the  base* 
emitter  voltage  of  Q3  increases  causing  Q3  to  conduct  harder  which  causes  Q2 
to  be  turned  on,  thereby  decreasing  its  series  impedance  and  increasing  the 
output  voltage.  Conversely  if  the  output  voltage  should  increase,  transistor  Q3 
will  be  turned  off  causing  the  impedance  of  Q2  to  increase  and  therefore  decreas¬ 
ing  the  output  voltage.  The  resistor  R20  assures  turn  on  of  the  regulator  at  low 
temperature.  Capacitor  C3  is  used  for  ripple  reduction. 

The  -6  volt  regulator  is  a  single  transistor  regulator  using  the  zener 
diode  CR12  as  a  reference.  Potentiometer  RIO  provides  for  output  voltage 
adjustment.  Resistor  R9  maintains  the  proper  current  to  the  zener  diode  CR12. 
Operation  of  the  regulator  is  identical  to  the  +20  volt  regulator. 

The  +120  volt  regulator  is  preregulated  by  the  zener  diode  CR13  to 
compensate  for  input  voltage  variations .  The  transistors  Q9  and  Q10  form  a 
differential  amplifier.  The  base  of  Q10  is  referred  to  the  plus  terminal  of  the 
regulated  output  with  three  zener  diodes  such  that  its  potential  is  maintained 
at  a  constant  voltage  (approx.  15  V)  below  that  of  the  output  terminal.  The  base 
of  Q9  is  connected  to  a  tap  on  the  bleeder  across  the  regulator  output.  Since 
the  emitters  of  Q9  and  Q10  are  common,  regulator  action  is  such  to  maintain 
zero  potential  difference  between  their  bases.  Therefore,  the  output  voltage 
will  be  that  required  to  maintain  the  bleeder  current  at  a  value  that  will  keep 
the  potential  between  the  regulated  output  and  the  base  of  Q9  at  the  constant 
zener  voltage  (15V).  Error  signals  appear  between  the  base  of  Q9  and  Q10  and 
are  amplified  by  Q9  and  Q8.  The  current  gain  necessary  to  supply  the  drive 
requirements  of  the  series  regulator,  Q5,  is  provided  by  Q7  and  Q6.  The 
emitter  of  Q8  is  decoupled  and  bypassed  by  CRM  a  reference  diode.  The 
collector  supply  voltage  of  Q8  is  decoupled  and  bypassed  by  an  additional  zener 
diode,  CR20.  The  action  of  this  diode  is  such  to  prevent  the  injection  of  input 
voltage  variations  into  the  regulator  amplifier.  The  stabistors  CR17,  CR19, 
CR21  and  CR23  are  used  for  temperature  compensation  of  the  zener  diodes. 

The  potentiometer,  R16,  in  the  base  bleeder  of  Q9  provides  output  voltage 
adjustment.  The  capacitor,  07,  reduces  the  gain  at  high  frequencies  and  thereby 
provides  the  necessary  phase  margin  to  prevent  oscillations. 

The  operating  characteristics  of  the  regulators  are  tabulated  below: 
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Parameter 


Regulator  Output 


Output  voltage 

Output  load  current 

Ambient  temp#  range 

Output  Ripple 

Load  Regulation 

(±10%  load  variation) 

Line  Regulation 

(±10%  input  voltage 
variation) 


46  volt 

6.0  to  9.6V 
1. 2  amp 
0°  to  59*0 
<  5  mv 
1% 

1% 


-6  volt 

0  to  7.2V 
130  ma 
0*  to  50°C 
<  10  mv 
1% 


420  volt 

0  to  22. 5V 
140  ma 
0*  to  50*0 
<  12  mv 
1% 

1% 


4120  volt 

115  to  150V 
15  ma 
0°  to  50*C 
<  1  mv 
5  mv  change 

5  mv  change 


The  physical  size  of  the  power  supply  unit  is  15  inches  wide  by  8  inches 
high  by  8  inches  deep.  The  unit  weight  13  pounds . 


5.5  FREQUENCY  CONTROL 

The  voltage  required  to  tune  the  front  end  is  obtained  from  a  voltage 
divider  composed  of  precision  wi  re-wound  resistors  which  supply  the  10  Me 
steps  and  standard  composition  resistors  which  supply  the  1  Me  steps. 

(Reference  Figure  34..)  Tuning  data  indicates  that  the  precision  resistors  must 
be  of  ±.5  percent  tolerance,  whereas  the  composition  resistors  may  have  ±5% 
tolerance.  Examination  of  the  tuning  curves  shown  in  Figure  13  (B)  will  show  that 
the  voltage  steps  over  any  10  Me  interval  in  the  band  can  be  supplied  by  this 
linear  divider,  while  the  10  Me  steps  must  be  obtained  from  the  precision 
nonlinear  divider. 

Frequency  Selector  Switches: 

The  frequency  selector  switches  perform  two  main  functions  in  tuning 
the  receiver: 

a.  They  provide  all  of  the  varactor  control  voltages  necessary 
for  tuning  (a)  front  end  (b)  harmonic  generator  (c)  VFO. 

b.  They  perform  the  necessary  switching  in  the  digital  circuitry 
to  allow  phase  locking  of  the  VFO  for  100  Kc  channel  spacing. 


6. 


CONG  LUSION 


The  design  and  construction  of  a  solid  state  tuning  device  such  as  the 
unit  reported  herein  is  entirely  feasible  and  such  a  system  can  be  made  to  pass 
rigid  environmental  specifications  by  incorporating  some  design  modifications. 
The  most  serious  environmental  condition  is  that  of  temperature  variations . 
Inductances  can  be  made  reasonably  stable.  However,  varactors  and  transistors 
change  capacitance  rather  violently  with  change  in  ambient  temperature.  This 
change  in  capacitance  can  be  predicted,  and  remains  the  same  for  thousands  of 
temperature  cycles.  Considering  the  present  : 'state  of  the  art"  of  varactor 
diodes  and  the  limitations  on  their  useable  capacity  swing,  temperature  compen¬ 
sation  by  the  use  of  fixed  temperature  compensating  capacitors  would  seriously 
limit  the  tuning  band  of  the  receiver.  Temperature  conpensation  should  be 
accomplished  by  changing  the  operating  point  of  the  DC  control  line.  Tempera¬ 
ture  compensation  in  the  capacitive  elements  will  require  the  use  of  diode  band 
switching  of  inductances  in  that  present  day  diodes  ( TYPICAL  OF  MA  435 8F) 
barely  have  sufficient  change  in  capacity  to  allow  the  tuning  of  the  band  from 
225  to  400  Me. 

Other  environmental  conditions  (humidity,  salt  spray,  altitude,  shock 
and  vibration,  dust,  etc.)  can  be  controlled  by  the  use  of  incapsulation  of  sub 
units . 

During  the  construction  of  the  hardware, the  varactors  were  interchanged 
with  each  other  and  no  tracking  problems  were  encountered.  However,  only  a 
limited  number  (4)  were  interchanged  and  all  of  these  can  be  assumed  to  be  from 
the  same  production  batch.  A  more  representative  general  production  quantity 
should  be  checked  prior  to  drawing  any  firm  interchangeability  conclusion. 

The  solid  state  tuning  device  tunes  so  rapidly  that  it  can  be  considered 
instantaneous,  (approximately  10  milliseconds).  This  extremely  rapid  tuning  of 
the  multi  channel  device  (as  is)  may  have  some  serious  human  factor  drawbacks. 
If  one  considers  the  sudden  interruption  of  a  train  of  thought  from  a  burst  of 
irrelevant  communications  or  signal  while  the  pilot  is  trying  to  remember  a 
four  digit  channel  number  or  any  other  memory  requirement;  some  degree  of 
confusion  could  be  experienced.  This  type  of  interruption  can  be  experienced 
while  the  pilot  is  tuning  the  receiver,  if  prior  to  die  selection  of  the  last  digit 
of  the  desired  channel,  an  operating  channel  is  tuned  in. 

One  solution  to  this  problem  would  be  to  devise  a  sensing  device  which 
disables  the  audio  until  the  fourth  or  last  digit  is  selected,  and  if  the  fourth 
digit  is  not  selected  in  a  prescribed  length  of  time  the  audio  is  automatically 
enabled. 
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DESIGN  CONSIDERATIONS  OF  THE  RF  AMPLIFIER 


1.  INTRODUCTION 


Section  1  contains  a  discussion  of  various  design  consideration  of  the 
RF  amplifier.  The  following  subjects  are  treated: 

a.  Proper  placement  of  the  RF  band  pass  circuitry. 

b.  Diode  switching  of  the  tank  circuits . 

c.  Voltage  variable  inductances  vs  voltage  variable  capacitor. 

d.  Characteristics  of  diode  mixers  vs  transistor  mixers . 


2.  RF  AMPLIFIER 


Figures  35  and  36  show  two  possible  circuit  configurations  that  can  be 
used  to  provide  the  desired  characteristics  of  the  RF  amplifier  section.  The 
circuit  configuration  shown  in  Figure  36  was  selected  as  the  basis  for  design 
in  this  receiver  for  the  following  reasons. 

a.  In  the  wide  band  amplifier,  scheme  shown  in  Figure  35,  the 
amplifier  must  necessarily  be  placed  ahead  of  the  filter  to 
provide  the  desired  noise  figure.  The  filter  cannot  be 
placed  ahead  of  the  amplifier  since  its  insertion  loss  would 
contribute  directly  to  the  receive  noise  figure.  A  lossless 
filter  would  obviously  be  satisfactory  in  this  arrangement, 
but  such  a  filter  cannot  be  constructed  without  losses  in  this 
band  of  frequencies .  The  tuning  of  the  filter  would  be  best 
accomplished  by  using  voltage  variable  capacity  diodes.  To 
tune  this  range  of  frequencies  (225  to  400  Me)  die  Q  of  these 
diodes  is  not  sufficient  to  prevent  losses,  therefore  the  losses 
of  the  filter  could  not  be  kept  low  enough  to  prevent  degradation 
of  the  noise  figure.  Hence,  the  amplifier  would  need  to  be 
placed  ahead  of  the  filter.  However,  this  arrangement  is  also 
unsatisfactory  since  it  produces  the  same  amount  of  ampli¬ 
fication  for  undesirable  signals  within  the  225  to  400  Me  band 
as  it  does  for  the  desired  signal. 

In  comparison,  the  circuit  configuration  shown  in  Figure  36 
does  not  exhibit  either  of  the  disadvantages  of  the  wide  band 


scheme,  while  it  does  contribute  some  advantages  of  its  Own. 
The  single  tuned  circuit  shown  at  the  input  can  be  constructed 
so  as  to  present  an  impedance  match  for  the  antenna;  provide 
some  selectivity  ahead  of  the  first  amplifier;  yet  at  the  same 
time,  contribute  very  little  to  the  noise  figure  of  the  receiver. 
The  remaining  tuned  amplifier  stages  each  contribute  to  the 
selectivity  of  the  receiver  while  producing  sufficient  gain  to 
allow  the  noise  figure  of  the  receiver  to  be  determined  by  the 
input  transistor. 

This  type  of  front  end  offers  the  additional  advantage  of  utilizing  single 
tuned  circuits  to  provide  selectivity.  Since  the  circuits  are  voltage  tuned,  it  is 
advantageous  to  have  them  single  tuned  and  isolated  from  each  other  by  the 
amplifiers  to  prevent  interaction  and  permit  the  use  of  tracking  devices . 

It  was  decided,  therefore,  that  the  circuit  configuration  shown  in 
Figure  36  was  better  suited  to  fulfill  the  requirements  of  this  particular  system. 


VARIABLE  REACTANCE  COMPONENTS 


The  major  problem  in  the  RF  amplifier  section  is  that  of  tuning  the 
frequency  selective  circuits  over  the  desired  frequency  range .  Three  methods 
applicable  to  electronic  tuning  are:  (a)  current  variable  inductances;  (b)  trans¬ 
mission  lines  shorted  to  the  appropriate  length  by  diodes;  and  (c)  voltage  variable 
diode  capacitors . 

Current  variable  inductances,  (the  first  method),  have  high  loss  at  the 
frequencies  of  interest  and  require  proportionally  large  power  for  tuning. 

Inductive  hysterisis  also  injects  many  problems  in  tracking.  This  type  of  com¬ 
ponent  is  therefore  considred  unsuitable. 

Figure  37  illustrates  a  second  method  of  producing  a  parallel  resonant 
circuit  where  the  resonant  frequency  depends  on  the  length,  L,  of  the  trans¬ 
mission  line.  The  circuit  can  be  tuned  to  a  given  frequency  by  forward  biasing 
the  appropriate  diode.  This  type  of  circuit  would  be  tuned  across  the  band  in  a 
number  of  steps,  the  number  of  steps  being  determined  by  the  operating  Q  of 
the  circuit  and  the  allowable  variation  in  gain  over  the  frequency  band.  The  Q 
of  the  resonant  circuits  produced  by  this  method  depends,  in  part,  on  the  dynamic 
resistance  (R)  of  the  diode  when  it  is  forward  biased.  The  dynamic  resistance 

of  a  diode  is  given  by  R  =  -gr-  ,  where  i  is  the  diode  current  and  K  =  20  for 

silicon  and  7. 5  for  germanium  diodes .  To  realize  values  of  Q  comparable  with 
those  obtained  in  circuits  employing  variable  capacity  diodes,  R  should  be  about 

1  ohm.  For  a  silicon  diode  i  =  2^(1)  =  MA»  the  disadvantages  of  the 

shorted  transmission  line  technique  are  the  large  current  required  to  short  the 
diode  effectively  and  the  switching  circuitry  required. 
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The  third  and  most  acceptable  method  of  tuning  is  by  the  use  of  variable 
capacity  diodes . 

Variable  capacity  diodes  can  be  used  in  either  lumped  parameter  or 
strip  transmission  line  circuits  to  produce  the  desired  tuned  circuits.  Strip 
transmission  line  offers  some  advantage  in  keeping  the  stray  inductance  and 
capacitance  to  a  minimum. 

Furthermore,  they  offer  the  advantage  of  reducing  interstage  coupling 
since  the  inductances  in  the  resonant  circuit  can  be  closely  situated  and  yet 
have  little  mutual  coupling. 

The  previously  mentioned  advantages  of  the  stripline  can  be  noted  in 
the  photograph  of  the  stripline  assembly,  Figure  10,  which  is  found  in  Section  4. 
A  more  detailed  description  of  the  circuit  is  given  in  the  theory  of  operation, 
paragraph  4. 1. 


4.  MIXER 

Investigation  of  mixers  at  225  to  400  Me  reveals  two  applicable  types, 
namely,  a  crystal  or  diode  mixer,  and  a  transistor  mixer.  The  most  appro¬ 
priate  type  for  the  present  application  can  be  determined  from  consideration  of 
the  conversion  gain,  the  frequency  response,  and  the  realizable  noise  figure  of 
each  type.  Relative  characteristics  of  diode  mixers  can  be  found  by  considering 
a  circuit  employing  a  good  available  diode,  a  1N21F.  The  frequency  response 
of  this  diode  is  reasonably  flat  over  the  range  of  interest  and  the  conversion 
gain  is  about  -4  db.  The  noise  figure  at  the  input  to  the  mixer  is  given  by 

nd  =  Lc  <nr  +  %  -1* 

where  NQ  =  overall  noise  figure  of  mixer  and  IF  (power  ratio) 

Lq  ~  diode  conversion  loss  (power  ratio) 

Nt*  =  diode  noise  temperature  (power  ratio) 

A 

Njp  =  IF  amplifier  noise  figure  (power  ratio). 

Assuming  a  5  db  noise  figure  for  the  IF  amplifier  and  the  parameters  of  the 
1N21F  diode, 

Nn  =  8. 1  power  ratio  or  9. 1  db. 
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Transistors  mixers  have  a  response  which  drops  about  6  db  from  225  to 
400  Me.  Typical  mixers  employing  T2029  transistors  have  noise  figures  of 
7. 5  db  and  a  conversion  gain  of  16  db  at  225  Me.  At  400  Me,  typical  noise  figures 
are  9  db  and  conversion  gains  are  10  db.  The  noise  figure  at  the  input  to  the 
transistor  mixer  is  given  by 


where 


Nt 

Tt 

fm  + 

M  GM 

nt 

= 

overall  noise  figure 

F- 

M 

= 

noise  figure  of  mixer 

fif 

= 

noise  figure  of  IF 

% 

S 

conversion  gain  of  mixer. 

Assuming  a  5db  noise  figure  for  the  IF  amplifier,  N<y  =  7. 6  db  at  225  Me. 
At  400  Me,  Nt  =  9.1  db.  Comparing  the  diode  and  transistor  mixer  character¬ 
istics  discussed  above,  it  is  evident  that  there  is  little  difference  in  the  noise 
figure  at  the  input  to  the  mixer  for  the  two  types*  Thus  the  choice  between  the 
gain  of  the  transistor  mixer  is  not  a  handicap  in  the  present  application,  and 
the  transistor  mixer  is  chosen  because  of  the  large  conversion  gain.  Although 
gain  is  not  of  primary  importance  in  the  receiver  used  to  demonstrate  electronic 
tuning,  the  additional  gain  is  desirable  since  it  reduces  the  required  IF  gain. 

To  realize  this  conversion  gain,  a  local  oscillator,  input  power  of  about  1  milli¬ 
watt  is  required. 
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DESIGN  CONSIDERATIONS  OF  THE  VFO 


DESIGN  CONSIDERATION  OF  THE  VFO 


'  1.  INTRODUCTION 

Section  1  contains  a  discussion  of  the  frequency  stability  of  the  VFO. 
Various  means  of  obtaining  frequency  stability  and  techniques  for  measuring  it 
are  considered. 

During  the  design  phase  of  the  program,  it  was  decided  that  the  re¬ 
sponse  of  the  control  loop  should  be  from  0  to  100  cps.  All  design  and  tests 
of  the  VFO  were  made  under  the  assumption  that  such  a  response  would  be 
used;  however,  a  later  redesign  of  the  phase  detector  raised  and  improved  the 
loop  frequency  response . 


2  .  TECHNIQUES  FOR  MEASURING  STABILITY 

Stability  must  be  related  to  the  probability  that  the  VFO  frequency 
deviation  will  not  exceed  the  bandpass  requirements  of  the  AM  system.  In 
addition,  the  rate  at  which  the  frequency  deviations  occur  is  of  interest  since 
the  frequency  deviations  at  rates  below  100  cps  will  be  reduced  by  the  action  of 
the  phase-locked  loop.  Thus,  the  problem  of  measuring  the  VFO  stability  is 
one  of  determining  the  frequency  spectrum  of  the  VFO.  Direct  measurement  of 
this  spectrum  with  a  spectrum  analyzer  is  difficult  because  the  spectrum  is  ex¬ 
tremely  narrow.  An  approximation  to  the  VFO  frequency  spectrum  can  be  ob¬ 
tained  by  mixing  the  oscillator  signal  with  some  reference  to  obtain  a  frequency 
in  the  neighborhood  of  1  Kc,  and  then  measuring  the  phase  variations  of  this 
signal.  To  obtain  a  stable  reference  and  to  test  the  measuring  technique,  two 
20-Mc  crystal  controlled  oscillators  were  built.  The  output  of  each  oscillator 
is  fed  into  a  transistor  mixer.  By  pulling  one  of  the  oscillators  with  a  shunt 
capacity,  a  beat  frequency  of  1  Kc  is  obtained.  The  1-Kc  signal  is  amplified  and 
clipped,  and  applied  to  the  vertical  axis  of  a  Tektronics  5 35 A  oscilloscope.  A 
portion  of  the  same  signal  is  passed  through  a  variable  delay  and  used  to  trigger 
the  sweep  of  the  oscilloscope.  Phase  variations  in  the  1-Kc  signal  produce  a 
jitter  in  the  zero  crossing  as  shown  in  Figure  38.  Assuming  that  the  frequency 
spectrum  of  the  oscillators  has  a  gauss ian  distribution,  the  phase  jitter  of  1-Kc 
signal  can  be  converted  to  the  oscillator  frequency  spectrum.  The  jitter  of  the 
1-Kc  signal  is  taken  to  be  the  distance  from  A  to  C  as  shown  in  the  figure, 
where  9  out  of  10  zero  crossings  occur. 

This  criterion  corresponds  to  the  l,  65  sigma  values  of  the  gauss  ian 
distribution.  Figure  39  shows  the  frequency  spectrum  of  the  two  crystal  oscil¬ 
lators  determined  by  this  method.  As  stated  earlier,  this  is  an  approximation 


Figure  39.  Crystal  Oscillator  Frequency  Spectrum 


to  the  frequency  spectrum  since  the  distribution  is  assumed  and  the  interpretation 
of  the  criterion  established  depends  on  the  judgement  of  an  observer. 

Tests  were  run  on  two  crystal  oscillators,  effectively  isolated  and 
shielded  from  distributing  infulences.  By  measuring  the  peak-to-peak  jitter  of 
the  1-Kc  signal,  it  was  found  that  the  crystal  oscillators  were  stable  to  about 
3  parts  in  10®  over  time  periods  varying  from  1  millisecond  (see  Figure  40). 

This  means  that  one  oscillator  is  stable  to  about  .  707  x  3  parts  in  10®,  or  2  parts 
in  10®,  which  is  adequate  for  use  as  the  reference,  againstwhich  to  measure  the  VFO. 

Actual  measurements  of  VFO  stability  were  made  using  the  previously 
described  method,  substituting  the  VFO  for  one  of  the  crystal  oscillators.  The 
jitter  at  a  difference  frequency  of  1  Kc  was  then  measured,  and  found  to  be 
approximately  ±35  cps  at  the  20  Me  frequency.  This  represents  a  short  term 
stability  of  1.  75  parts  per  million. 

It  was  also  desirable  to  determine  the  rate  at  which  short  term  vari¬ 
ations  occur  since  this  rate  must  fall  within  the  control  loop  response  of  the  VFO 
and  phase  lock  system.  To  accomplish  this  measurement,  the  VFO  and  crystal 
oscillator  were  adjusted  for  a  1  Kc  beat  as  described  previously.  Simultaneously 
the  two  signals  were  fed  to  a  frequency  discriminator,  whose  output  was  observed 
on  a  scope.  The  amplitude  of  the  signal  was  a  representation  of  the  peak 
deviation  of  the  VFO,  while  the  frequency  of  the  discriminator  output  signal  was 
representative  of  the  rate  at  which  the  deviation  occurred.  This  rate  was 
determined  to  be  less  than  ln0  cps,  with  the  major  portion  of  the  variations 
occurring  at  60  cps.  The  actual  measurement  of  this  rate  was  accomplished 
by  the  use  of  tunable  electronic  bandpass  filters. 

3.  VFO  INDUCTANCE 

Consideration  given  to  the  selection  of  a  proper  induction  for  the  VFO 
are  listed  in  the  following  paragraph, 

4.  DEPOSITED  COILS 

Techniques  have  been  developed  for  depositing  coils  in  the  form  of 
square  spirals  on  glass  plates.  The  inductance  of  this  type  of  coil  is  proportional 
to  the  length  of  line  (assuming  the  width  and  thickness  remain  constant)  and  is 
about  25  nanohenries  per  inch.  With  the  variable  capacity  diodes  available  today, 
an  inductance  of  1-5  microhenries  is  necessary  to  have  the  oscillator  operate 
in  the  proper  region.  Assuming  the  worst  case,  i.e,,  5  microhenries  induc¬ 
tance,  we  see  that  this  would  take  a  line  200  inches  long.  Because  of  size 
restriction,  the  coil  would  have  to  be  put  on  a  plate,  about  two-by-two  inches. 

To  get  this  length  of  line  on  the  plate,  it  would  have  to  be  a  spiral  whose  line  is 
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10  mils  wide,  with  a  5  mil  spacing.  Such  a  deposited  metal  line  is  so  thin  that 
it  would  have  a  resistance  of  approximately  20  ohms  per  inch.  The  Q  of  a  coil 
of  this  type  would  be  .  16,  which  is  much  too  low  for  this  application. 


5 .  ETCHED  PRINTED  CIRCUIT  BOARDS 

A  coil  having  dimensions  that  are  the  same  as  the  deposited  coil  de¬ 
scribed  above  and  having  a  Q  of  100  -  200  can  be  obtained  by  photo-etch  tech¬ 
niques.  The  exact  Q  depends  on  the  cross  sectional  area  of  the  lines.  This 
type  etched  coil  has  a  usable  Q,  but  since  the  stability  of  the  oscillator  is 
directly  proportional  to  the  Q,  a  coil  of  greater  Q  is  desired. 


6.  TEFLON  ROD 

By  pressing  copper  wire  into  groves  cut  in  a  Teflong  rod  1/2 -inch  in 
diameter  and  1-inch  long,  and  spacing  these  groves  1/16  inch  apart,  an  induc¬ 
tance  of  the  proper  value  can  be  obtained.  The  Q  of  this  coil  is  very  high,  but 
the  mechanical  stability  of  this  coil  is  not  as  good  as  that  of  the  etched  circuit 
board. 


7.  POTTING  COMPOUND 

Several  facts  were  considered  in  selecting  a  compound  suitable  for 
encapsulating  the  VFO  components  as  discussed  in  the  following  paragraphs. 

The  wide  range  of  frequencies  tuned  by  the  VFO  was  difficult  to 
obtain  because  of  stray  capacitance  in  the  circuits.  If  the  potting 
compound  increased  the  stray  capacitance,  the  tuning  bandwidth 
would  be  decreased.  It  was  therefore  desirable  to  have  a  com¬ 
pound  with  a  dielectric  constant  approaching  that  of  air.  A  second 
consideration  was  that  the  oscillator  was  operating  at  low  gain  and 
with  minimum  drive.  Hence,  to  prevent  loss  of  drive,  the  compound 
must  have  a  low  dissipation  factor.  Actual  values  for  the  dielectric 
constant  and  dissipation  factors  that  can  be  tolerated  without  destroying 
the  properties  of  die  VFO  cannot  be  easily  calculated,  since  the  stray 
capacitance  and  drive  level  in  the  circuit  cannot  be  measured  accurately 
Several  glass-base  compounds  were  investigated,  but  none  exhibited  the 
desirable  properties.  Materials  such  as  teflon  and  polystyrene  have 
the  necessary  electrical  properties  but  they  are  not  physically  suited 
to  potting. 
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The  material  selected  for  this  particular  application  was  a  laminating 
resin  r,Eecomold  L65."  While  it  is  actually  intended  for  use  as  a 
laminating  resin,  it  was  felt  that  it  might  be  suitable  as  a  easting 
resin  for  the  small  volume  required.  The  electrical  properties  of  the 
material  are  particularly  well  suited.  The  dielectric  constant  is  2. 55 
at  10®  to  10 ^  cps  and  the  dissipation  factor  is  .  0004  to  .  0005  between 
10®  and  10  ^  cps  respectively. 

The  entire  oscillator  buffer  amplifier  unit  was  filled  with  the  compound; 
and  the  output  of  the  circuit  was  monitored  to  determine  the  effects  of  the 
material  upon  oscillator  stability  and  tuning  range.  At  mis  point  difficulty  was 
encountered.  The  material  failed  to  harden.  It  was  felt  that  since  the  material 
was  not  specified  to  be  used  as  a  casting  resin,  it  might  require  additional  heat 
to  activate  the  cure.  The  temperature  was  raised  to  65“C  for  this  purpose 
(65°C  is  below  the  maximum  operating  temperature  of  the  transistor). 

As  the  material  hardened,  the  oscillation  ceased.  The  oscillator  was  made  to 
operate  again  by  removing  most  of  the  compound  from  the  tank  circuit  elements, 
such  that  only  the  minimum  amount  required  for  mechanical  support  remained. 
Although  the  oscillations  were  strong  again  and  the  oscillator  covered  the  de¬ 
sired  tuning  range,  the  frequency  stability  was  degraded  considerably.  Replac¬ 
ing  the  transistor  restored  the  circuit  to  proper  operation. 

Further  investigation  of  the  problems  were  not  attempted  since  time 
did  not  permit.  However,  the  following  conclusions  and  recommendations 
are  offered: 

It  may  be  concluded  that  (a)  either  the  electrical  properties  of  the 
compound  changed  during  the  curing  process  and  thereby  caused  the  circuit  to 
fail;  or  (b)  the  exothermic  temperature  of  the  curing  material  raised  the  tran¬ 
sistor  temperature  to  a  point  where  the  transistor  characteristics  changed. 

It  is  recommended  that  a  more  extensive  study  of  potting  compounds  (particularly 
the  foamed  type)  should  be  made  in  an  effort  to  avoid  the  problem.  Manufacturer’s 
data  indicates  that  certain  new  types  of  foam  materials  may  exhibit  properties 
better  suited  to  this  application  than  the  resin  that  was  used. 
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DIGITAL  SYNTHESIZER 


Appendix  C  describes  in  detail,  the  configurations  and  operation  of  the 
circuits  used  in  the  digital  portion  of  the  frequency  synthesizer.  The  basic 
digital  building  blocks  are  discussed  followed  by  a  description  of  each  card. 

A  fairly  detailed  discussion  of  die  test  procedures  are  given  where  critical  per® 
formance  areas  or  novel  test  methods  warrant.  A  discussion  is  made  of  several 
performance  deficiencies  and  their  correction.  Finally,  the  sampled  phase 
detector  is  described. 

Figure  15,  in  Section  4,  shows  a  block  diagram  of  the  digital  synthesizer 
system.  By  referring  to  this  diagram,  Appendix  C  can  be  more  easily  under® 
stood. 

The  entire  device  consists  of  a  preset  counter  built  on  four  plug-in 
cards,  a  fixed  counter  built  on  three  plug-in  cards,  a  pulse  forming  and  control 
card,  a  scale-of-sixteen  counter  card  and  a  phase  detector  card,  making  a  total 
of  ten  cards. 

The  digital  circuits  were  designed  on  a  worst-case  basis  to  insure 
satisfactory  operation  with  plus-or-minus  five  percent  voltage  and  resistor 
tolerances.  Variation  of  loading  conditions  was  taken  into  consideration. 

The  basic  flip-flop  Shown  in  Figure  41  is  essentially  a  circuit  of  the 
familiar  configuration  with  additional  diode  gates  at  the  transistor  bases.  The 
gate  consisting  of  Cf>  ®T»  an<*  the  associated  diode  is  the  self-gated  input. 

C omple menting,  or  counting,  is  accomplished  by  tying  the  free  ends  of  the  Cp’s 
together  to  form  a  single  input.  The  time  constant  of  this  gate  may  be  varied 
by  changing  Rp  or  Cp.  This  is  of  particular  interest  at  lower  speeds  where  Rp 
may  be  increased  to  reduce  the  loading  on  the  previous  circuit,  thus  increasing 
the  fan-out  ratio  of  the  driving  circuit.  The  next  pair  of  gates  are  the  preset 
gates,  which  consist  of  Rpp,  Rj?c»  Cp»  and  the  associated  diodes.  These 
gates  are  manually  controlled  by  the  frequency  selector  switches  on  the  front 
panel.  If  Rpn,  the  preset  control  resistor  is  grounded  through  the  switch,  the 
gate  is  ON.  The  divider  action  of  Rpg  and  Rpg  maintains  the  cathode  end  of 
the  diode  slightly  more  positive  than  the  base  of  an  ON  transistor.  If  the  end 
of  Rpc  is  left  floating,  the  cathode  of  the  diode  is  raised  to  the  positive  supply 
voltage  which  makes  the  gate  inoperative.  During  presetting,  a  wide  negative 
going  pulse  is  applied  to  the  capacitor  inputs  of  both  sides  simultaneously.  The 
switches  are  so  arranged  that  one,  and  only  one,  gate  on  a  giveaflip-f lop  will 
pass  the  pulse .  The  preset  gate  is  designed  to  pass  a  pulse  into  the  base  of 
sufficient  width  to  override  any  tendency  for  the  count  to  propagate  from  the 
previous  stage.  The  overall  effect  is  that  the  entire  counter  is  forced  to  the 
desired  state  and  held  until  all  transients  have  ceased;  then  released. 
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Figure  41.  Basie  Flip  Flop 


The  remaining  gate  is  the  feed-back  gate,  consisting  of  Rfb»  RfC>  Cf.  It  is 
shown  on  one  side  only,  because  the  feed-back  is  always  to  one-side  only.  The 
basic  operation  is  similar  to  the  preset  gates.  It  may  be  either  Controlled  by 
the  NOR  in  the  feed  back  circuit,  or  Rpc  may  be  gounded  and  the  pulse  actively 
gated. 

It  is  here  stated  that  in  any  application  where  any  gate  is  not  needed, 
it  may  be  omitted  in  its  entirety.  It  is  also  stated  that  due  to  the  symmetrical 
nature  of  the  circuit  the  feed-back  gate  could  be  on  either  side.  Thus  it  may  be 
implied  that  for  a  given  application,  any  gate  is  used  as  needed;  if  the  gate  is 
not  used,  it  is  omitted,  and  a  saving  in  cost  and  complexity  is  effected. 

The  basic  NOR  is  shown  in  Figure  42.  It  accomplishes  the  familiar 
NOT-AND  function  to  serve  as  a  logic  circuit,  or  as  a  gate.  The  resistor  Rl, 

R2,  and  R3  form  a  network  to  meet  the  necessary  OFF  and  ON  D.C.  conditions. 
The  capacitor  C  produces  a  high  transient  gain  necessary  for  fast  switching 
time.  A  great  number  of  diodes  may  be  used,  the  maximum  is  determined  by 
the  fact  that  diode  leakage  of  the  OFF  diodes  tend  to  increase  the  control 
current  needed  at  the  ON  diodes.  A  lower  practical  limit  cause  by  diode 
capacitance  was  found  experimentally .  A  direct  input  may  also  be  used  where 
it  is  not  advantageous  to  place  the  diodes  physcially  near  the  NOR.  The  300  ohm 
collector  resistor  Rc  is  used  to  provide  good  fall  times  and  prevent  loss  of 
signal  amplitude  when  driving  AC  loads  such  as  pulse  inputs  or  gate  resistors. 

The  single-shot  shown  in  Figure  43,  is  used  to  generate  a  wide  pulse, 
or  to  produce  a  delay  in  a  switching  transition.  The  direct  coupled  side  is 
identical  to  that  of  the  flip-flop.  The  ’'base-on"  resistor,  RbO»  is  chosen  to 
produce  a  stable  ON  condition  in  Ql.  This  in  turn  causes  Q2  to  be  in  a  stable 
OFF  condition.  When  a  negative  going  transition  occurs  at  the  input  end  of  C-p* 
Ql  is  turned  OFF  which  turns  Q2  ON.  The  action  of  Cp  drives  the  base  of  Ql 
far  negative  for  a  time  determined  by  the  Rpo  product.  This  transient  is 
stopped  at  approximately  half  way  with  respect  to  voltage  when  Ql  again  turns 
ON  and  restores  the  stable  condition.  The  delay  is  approximately  0.7  Rgo 
seconds  where  Rgo  anci  Cp  are  given  in  ohms  and  farads,  respectively.  Delay 
is  adjusted  by  changing  Cp  rather  than  RgO  80  as  not  to  affect  the  D.C.  stability 
A  recovery  phase  follows  where  Cj)  recharges  through  the  collector  resistor. 

The  collector  of  Ql  produces  a  positive  going  rectangular  pulse  which  is  quite 
square.  At  the  collector  of  Q2  a  negative  going  pulse  occurs  with  a  trailing 
edge  which  is  deteriorated  due  to  the  recovery  phase. 

The  inverter-amplifier,  shown  in  Figure  44,  is  used  where  isolation, 
greater  driving  capability,  or  inversion  is  desired  along  with  no  other  logical 
function.  It  requires  no  diodes  and  fewer  components  than  a  NOR.  The  DC 
bias  is  similar  to  that  of  toe  NOR  circuit.  With  the  elimination  of  the  diode, 
a  resistor,  corresponding  to  R^  in  toe  NOR  circuit,  may  be  combined  to  be  a 
part  of  toe  collector  resistor  of  toe  driving  source.  The  other  resistors, 
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Rj£  and  Rg,  are  now  different  from  the  corresponding  resistors  in  the  NOR 
circuit  because  die  diode  forward  drop  is  eliminated.  The  capacitor  G  improves 
the  transient  gain;  as  in  the  NOR  circuit.  A  fairly  low  value  of  Rg  is  used  when 
driving  AG  loads  for  similar  reasons  as  in  the  NOR  circuit, 

the  broadband  amplifier  and  pulse  Shaping  circuits,  shown  in  Figure  45 
convert  a  low  level  sine  wave  to  pulses.  The  output  is  very  nearly  independent 
of  the  input  level  above  the  minimum  value  of  one  volt  peak  to  peak.  The  input 
could  be  padded  with  a  shunt  resistor  to  make  the  impedance  50  ohms.  In  this 
case,  the  input  power  required  would  be  2.5  milliwatts.  It  was  felt  that  this 
was  an  unnecessary  refinement,  since  the  interconnecting  cable  will  be  very 
short.  The  actual  input  power  from  the  VFO  buffer  is  adequate  as  the  circuit 
stands.  The  first  two  stages  are  broad-band  amplifiers  biased  for  small  signal 
operation.  The  third  stage  is  driven  in  a  switched  manner.  The  C-R-C  tee 
section  differentiates  the  resulting  square  wave  to  produce  the  pulse.  Use  of 
a  tee  section,  instead  of  a  simple  RG,  allows  the  differentiator  time  constant 
to  be  independent  of  the  biasing  resistor  and  permits  a  reasonable  capacitor 
value  which  is  large  compared  to  stray  capacitance.  The  last  stage  produces 
a  logically  inverted  or  3T  pulse  which  is  needed  at  the  counter  gates  and  X  input 
in  the  high-speed  feed-back  circuits.  This  method  of  pulse  generation  was  used 
in  preference  to  the  usual  Schmidt  trigger  and  single-shot  method,  due  to  the 
difficulties  caused  by  regeneration  delay.  In  the  system  used  here,  slight 
propagation  delays  are  of  no  consequence. 

The  foregoing  has  been  a  description  of  the  basic  building  blocks  of 
the  system.  These  are  used  to  construct  the  larger  scale  of  four,  six,  ten, 
and  16  counters.  It  was  realized  that  the  A  card  (shown  in  Figures  46  and  47) 
is  the  most  complex  because  it  is  a  decade  with  active  feedback  gating,  and 
requires  presetting.  Since  an  A  card  layout  had  to  be  made  in  any  event,  the 
other  counter  cards,  being  simply  an  A  card  with  small  modifications  or 
omissions,  were  automatically  laid  out.  The  additional  complexity  caused  by 
unused  printed  track  presented  no  problem  because  eight  identical  cards  were 
photographically  reproduced,  The  back  of  the  cards  (track  side)  are  identical 
and  is  shown  in  Figure  48 . 

The  A  card  is  a  high-speed  decade  counter  consisting  of  four  flip-flops, 
a  NOR  for  active  feedback  gating,  and  an  output  NOR,  The  use  of  an  output 
NOR  is  simply  a  practical  matter  of  attaining  the  necessary  fan-out  ratio.  It 
serves  no  logical  function  other  than  inversion,  which  is  corrected  using  the 
one  side  of  the  last  flip-flop  to  produce  an  output  in  the  proper  logical  sense. 

The  decade  counting  scheme  is  accomplished  by  the  circuit  of  Figure 
46,  Figure  46,  the  logic  notation  used  is  such  that  the  barred  side  of  the  flip- 
flop  is  die  ZERO  side.  The  ON  state  is  the  ONE  state,  and  the  OFF  state, 
the  ZERO  state.  Suppose  the  counter  is  initially  set  on  decimal  zero.  The 
count  progresses  in  the  normal  binary  manner  to  the  fourth  count,  at  which 
time  the  count  corresponds  to  binary  four.  The  state  of  binary  four  conditions 
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Block  Diagram  of  Card  A 


Figure  47.  Component  Side  of  Card  A 


Figure  48.  Track  Side  of  Card  A 


the  feedback  NOR,  LF,  such  that  receipt  of  the  fifth  count  causes  binary  eleven 
to  occur.  The  count  then  proceeds  normally  to  binary  sixteen,  or  zero.  The 
reason  for  this  unorthodox  method  of  counting  is  to  advance  the  count  and  delete 


six  counts  from  a  scale-of-sixteen  counter  in  such  a  manner  that  there  are  no 
feed-back  ambiguities  arising  from  carry  propagation.  This  scheme  does  not 
require  any  increase  in  counter  speed,  as  in  some  decade  schemes.  The  state 
of  four  was  chosen  to  condition  the  feed-back  gating  because  this  number  is 
reached  with  a  relatively  short  propagation  delay.  The  counting  scheme  of 
stages  A,  B,  C  and  D  are  as  follows: 
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The  entire  circuit  of  Figure  46  may  be  visualized  as  a  true  decimal 
counter  which  has  ten  distinct  states,  of  which  the  transition  from  nine  to  zero 
produces  the  carry.  It  may  be  preset  to  any  of  the  ten  states .  The  state  of 
nine  is  sensed  to  effect  the  count  transfer. 

Since  passive  R-C  diode  gates  in  the  feedback  circuits  would  require 
very  low  impedances  and  impose  severe  loads,  it  was  decided  to  use  active 
gating  in  the  highest  speed  decade.  Just  after  the  pulse  which  causes  to  count 
of  four,  the  feedback  NOR  is  unblocked.  The  X  pulse  supplied  to  the  feed-back 
NOR  can  then  pass  through  as  an  X  pulse  and  advance  the  count.  After  the 
count  is  advanced  the  NOR  again  is  blocked  because  the  stages  controlling  the 
NOR  have  changed  state.  This  counter  has  preset  control.  Eight  control  wires 
leave  the  decade  and  are  controlled  by  a  frequency  selector  switch, 

The  B  card  shown  in  Figure  49  is  similar  to  the  A  card.  It  is  a  decade 
with  preset  control.  The  feedback  gating  is  passive.  There  is  an  output  NOR. 
Passive  gating  does  not  present  the  previously  mentioned  problem  due  to  the 
reduced  speed  of  operation.  Passive  gating  is  desirable  at  lower  speeds  since 
the  feedback  pulse  may  then  be  derived  from  the  output  of  the  previous  card. 
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Figure  49.  Component  Side  of  Card  B 


It  imposes  no  additional  load  on  the  X  source  and  requires  one  less  diode  * 

In  the  physical  configuration  Rpc  and  Cp  are  interchanged  on  the  card.  There 
are  two  identical  B  cards. 

The  C  card,  Shown  in  Figure  50,  is  a  scale  of  four  counter  with  preset 
control.  A  NOR  and  an  inve rter/amplif ie r ,  also  on  this  card,  are  part  of  the 
9's  sensing  circuit.  This  is  attained  by  the  familiar  means  of  using  two  flip- 
flops  .  Since  it  is  not  used  to  drive  another  unit,  there  is  no  output  NOR.  This 
counter  is  preset  to  either  zero  or  one  and  counts  to  three.  Therefore  the 
presetting  of  the  second  flip-flop  is  always  to  the  zero  state.  A  single  sided 
preset  gate  with  its  control  resistor  grounded  is  used  on  this  flip-flop.  Only 
two  preset  control  wires  are  brought  out  to  the  hundreds  switch. 

The  D  card,  shown  in  Figure  51,  and  E  card,  shown  in  Figure  52,  are 
identical  to  the  A  card  and  B  card  respectively;  except  that  there  are  no  preset 
controls .  All  components  associated  with  presetting  are  entirely  omitted. 

The  F  card,  shown  in  Figure  53,  is  a  scale  of  six  counter  consisting  of 
three  flip-flops  and  a  feedback  NOR.  A  NOR  and  an  inverter/ amplifie r,  also 
on  this  card,  are  part  of  the  9's  sensing  circuit.  It  drives  no  further  counters, 
and  requires  no  output  NOR.  Passive  feedback  gating  is  used.  By  replacing 
the  usual  first  flip-flop  with  a  jumper  wire,  and  Simply  omitting  the  feedback 
gates  to  the  flip-flop  in  the  usual  second  place,  a  scale  of  six  is  attained. 

Cards  A  through  F  all  have  9'S  sensing  diodes  which  sense  the  State 
of  9  on  all  decades  (3  on  the  scale-of-four  and  5  on  the  scale-of-six). 

Card  G,  shown  in  Figure  54,  is  the  scale-of-six  teen  counter  consisting 
of  four  flip-flops  in  the  familiar  connection.  The  purpose  of  this  card  is  to 
precisely  divide  the  reference  frequency  by  sixteen  to  attain  the  same  frequency 
as  the  desired  VFO  divided  frequency.  Also,  on  this  card  is  a  NOR  which  is 
used  as  a  driver. 

The  H  card,  shown  in  Figure  55,  or  control  card  contains  the  broad¬ 
band  amplifier  and  pulse  forming  circuits,  the  9's  sensing  NOR's,  the  control 
flip-flop,  the  counter  pulse  gate  NOR's,  a  10  u  second  delay,  and  an  amplifier 
for  the  preset  pulse.  Also  on  this  card  is  a  one  microsecond  single-shot  which 
is  used  to  generate  the  sample  used  in  the  phase  detector. 

When  the  cards  were  completed  the  work  of  interconnection  was  begun. 
It  was  at  first  found  that  the  high  speed  circuits  did  not  function  as  well  as  those 
built  on  break-off  cards.  It  was  found  that  greater  capacitance  to  ground  was 
causing  a  capacitor  divider  action.  A  slight  increase  in  the  input  capacitors 
corrected  the  condition,  as  it  theoretically  should.  This  could  not  be  observed 
directly  due  to  the  effect  of  the  oscilloscope  probe  on  die  time  corstants. 

After  the  individual  cards  were  checked  for  proper  operation  sufficient 
connections  were  made  to  produce  a  scale  of  4000  and  a  scale  of  600  counters. 
Correct  division  at  each  card  was  verified  by  an  oscilloscope. 


Figure  50.  Component  Side  of  Card  C 
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Component  Side  of  Card  D 


Figure  52.  Component  Side  of  Card  E 
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Figure  53.  Component  Side  of  Card  F 
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Figure  55.  Component  Side  of  Card  H 
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The  next  operation  was  to  connect  the  9*s  sensing  circuits  and  cause 
the  counter  to  transfer  between  the  scale  of  4000  and  the  scale  of  600  and  vice- 
versa.  It  was  here  noted,  by  use  of  the  external  syne  connected  to  the  first 
card  output,  that  the  transition  did  not  occur  9  counts  after  the  output* 
Temporarily  reducing  the  counter  to  a  scale  of  100  on  each  side  remedied  the 
trouble.  Precise  scale  of  100  counting  was  verified  as  before,  and  by  actual 
count  on  the  oscilloscope.  It  was  found  that  connecting  the  full  number  of 
diodes  into  the  9’s  sensing  NOR  was  the  cause.  The  apparent  reason  was  that 
the  first  flip-flop  of  the  A  and  D  cards  is  the  last  to  turn  OFF  and  realease  the 
NOR.  The  remaining  diodes  are  back  biased  presenting  a  capacitance  which 
momentarily  presents  a  heavy  load.  The  first,  flip-flop  then  failed  to  trigger 
until  die  second  count.  The  nine  sensing  was  divided  so  that  the  first  decade 
goes  directly  to  the  9's  sensing  NOR  to  prevent  unnecessary  delay.  The  re¬ 
maining  diodes  go  to  a  different  NOR  followed  by  an  inverter;  then  to  the  9'S 
sensing  NOR.  The  first  decade  of  this  group  does  not  suffer  this  same  trouble 
because  the  slower  gates  permit  a  longer  pulse  at  the  bases  of  these  flip-flops, 
which  can  overcome  the  difficulty. 

Proper  operation,  as  a  scale  of  4000  and  a  scale  of  600  counter,  was 
then  observed.  The  transition  time  was  checked  by  connecting  the  external 
synchronous  lead  of  the  oscilloscope  to  the  control  flip-flop,  and  observing  the 
counter  gate  outputs.  Transition  without  missing  or  adding  a  count  was  positive¬ 
ly  verified  by  this  means. 

The  device  was  then  made  to  divide  by  any  integer  within  the  desired 
range  by  connecting  the  preset  pulse  line  to  all  preset  pulse  inputs  on  the  scale 
of  4000  side.  The  gates  had  previously  been  properly  connected  to  the  control 
switches.  Operation  was  checked  by  synchronizing  the  oscilloscope  with 
respect  to  the  control  flip-flop  transition,  such  that  the  sweep  started  within  a 
fixed  delay  of  the  instant  the  preset  side  began  counting;  and  by  using  the 
"delayed  sweep, "  feature  of  the  oscilloscope  to  observe  the  last  ten,  or  so, 
counts  of  the  preset  side  counter  gate.  By  this  means,  the  last  counts  from 
the  counter  gate  may  be  observed  with  improved  resolution.  Starting  with  the 
tenth  megacycle  dial  on  9,  one  count  should  be  deleted  from  the  end  of  the  train 
for  each  step  the  tenth  knob  is  advanced  counterclockwise.  Similarly,  by  moving 
the  probe  to  the  output  of  the  first  decade,  and  appropriately  changing  the  oscil¬ 
loscope  resolution,  the  output  of  the  units  megacycle  control  may  be  verified. 
Proper  operation  of  the  tens  megacycle  and  hundreds  megacycles  dials  may  be 
checked  by  this  technique,  with  the  probe  at  the  output  of  the  second  and  third 
decade,  respectively.  To  observe  proper  operation  of  the  two  most  significant 
digits,  it  may  be  less  complicated  to  use  the  "normal  sweep"  with  the  syn¬ 
chronization  as  before .  This  is  in  essence  the  same  method  because,  in 
checking  the  most  significant  digits,  adequate  resolution  can  be  obtained  with 
the  sweep  delay  of  the  oscilloscope  set  to  zero,  which  is  "normal  sweep. " 

Proper  operation  was  observed  in  all  positions,  except  when  the  tenths  megacycle 
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dial  was  set  on  "5".  tinder  this  condition  the  first  decade  should  preset  to  the 
state  of  four.  Since  the  state  of  four  activates  the  feedback  NOR,  and  active 
feedback  is  used;  it  was  found  that  the  preset  pulse  which  passed  through  the 
preset  gate  did  not  end  at  the  same  instant  on  all  stages  of  the  decade.  Thus 
the  first  stages  released  would  then  receive  feedback,  which  would  close  the 
feedback  NOR  gate.  The  last  stages  released  could  not  then  receiver  proper 
feedback.  To  remedy  the  situation,  the  preset  controls  were  changed  such  that 
the  dial  position  of  5  caused  the  counter  to  preset  to  a  number  not  in  the  normal 
counting  sequence.  This  number,  designated  as  4',  was  picked  from  those 
states  which  were  deleted  in  making  a  scale  of  sixteen  into  a  decade.  It  has  the 
property  that  one  count  advances  4f  to  5.  Another  property  is  that  4*  does  not 
activate  the  feedback  NOR.  When  counting  begins,  the  sequence  is  4*,  5,  6. . .  2, 

3,  4,  5. . . .  This  counting  is  as  before  and  4*  is  used  only  for  presetting. 

No  other  number  in  the  presetting  sequence  caused  this  problem.  Since  the 
following  two  decades  do  not  use  active  pulse  gating,  the  presence  of  the  number 
4  in  the  preset  sequence  does  not  present  a  problem.  Either  4  or  4’  may  be 
desirable  from  the  standpoint  of  consistency  in  wiring. 

The  wiring  of  the  switches  is  a  straight-forward  matter  of  grounding 
the  proper  gate  control  wire.  Figure  56  shows  the  proper  connections .  The 
preset  gate  control  wires  are  labeled  as  B^,  Cp  Dp  A0,  B0,  CG,  D0. 

The  notation  is  such  that  grounding  Bj,,  for  example,  conditions  a  proper  preset 
gate  to  cause  the  preset  pulse  to  force  the  B  flip-flop  of  the  decade  to  the  ONE 
state.  The  wires  with  0  subscripts  are  then  used  to  condition  the  associated 
flip-flop  to  the  zero  state.  To  preset  a  decade  to  a  given  decimal  number,  one 
of  the  control  wires  from  each  flip-flop  is  grounded;  or  four  out  of  eight  control 
wires  are  grounded  to  preset  the  entire  decade.  It  is  necessary  to  control  every 
flip-flop  on  both  the  ONE  and  ZERO  side  to  prevent  complementing  action  from 
causing  an  incorrect  preset.  Although  this  is  a  straight  forward  approach  using 
readily  available  components,  a  smaller  switch  with  fewer  wafers  might  be 
made  by  using  double  wafers,  special  sectors,  and  etc. 

Phase  Detector: 

The  originally  proposed  phase  detector  was  a  simple  device  consisting 
of  a  NOR  circuit  that  produced  a  6250  cycle/ sec  rectangular  waveform  whose 
average  value  corresponded  to  the  phase  difference  between  the  counter  output 
and  the  reference  frequency  signal.  This  was  added  to  the  preset  voltage,  with 
DC  restoring,  and  the  result  filtered  to  produce  the  error  signal.  This  system 
produced  a  phase-lock  and  yielded  the  correct  average  frequency.  The  deficiency 
was  that  there  was  considerable  6250  cycle  ripple  in  the  control  voltage,  which  in 
turn  produced  an  FM  deviation  in  the  phase- locked  oscillator. 

Attempts  to  remedy  this  situation  did  not  prove  satisfactory.  The  obvious 
solution  of  providing  additional  low -pass  filtering  produced  system  instability,  as 
was  theoretically  predicted.  This  method  also  imposed  a  severe  limitation  on 
the  pull-in  range .  The  frequency  range  over  which  the  system  can  pull-in  when 
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Figure  56.  Decode  Preset  Control  Switch 
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out  of  lock  is  the  true  criterion  of  how  accurately  the  preset  voltage  must  be 
set.  At  best  a  compromise  between  pull-in  range  and  ripple  reduction  had  to 
be  made.  No  practicable  compromise  was  apparent. 

At  this  point  the  general  design  philosophy  was  changed.  Instead  of 
attempting  to  use  a  filtered  signal  to  correct  a  continuously  controlled  servo¬ 
mechanism,  the  device  that  was  made  was  a  sampled  servo-mechanism.  A 
phase-detector  was  needed  which  would  hold  the  previous  control  voltage  until 
the  next  counter  cycle.  If  there  were  an  error,  it  would  be  recognized  and  the 
correction  process  started  immediately  by  causing  the  control  voltage  to  step 
to  a  closer  approximation  of  the  correct  value.  If  there  were  no  error,  there 
would  be  no  change  in  control  voltage.  Thus,  ripple  is  a  function  of  diode 
leakage  and  stray  signal  pick  up  and  not  inherent  to  the  system.  In  actual 
operation  the  control  voltage  response  to  on  step  displacement  follows  a  con¬ 
verging  series  of  steps  which  rapidly  approach  the  correct  value.  In  steady- 
state  operation,  the  steps  become  imperceptably  small.  It  was  experimentally 
verified  by  examining  the  control  voltage  on  a  high  gain  oscilloscope  that  such 
a  phase  detector  with  a  plus  or  minus  8.5  volt  pull-in  range  could  produce  a 
control  voltage  with  ripple  in  the  millivolt  range.  At  this  point  the  use  of  shield¬ 
ing  and  stray  coupling  effects  became  an  important  consideration  in  further  ripple 
and  spurious  pulse  type  deviations .  Building  the  phase-detector  on  a  shielded 
plug-in  board  using  well  filtered  supply  voltages  produced  an  acceptable  signal. 

The  phase-detector  is  built  on  a  plug-in  cardi  ( J)  similar  to  the  other 
digital  equipment  in  the  receiver.  This  is  a  double-sided  card  with  the  com¬ 
ponent-side  (Figure  57)  plating  used  as  a  shield.  Figure  58  shows  the  track- 
side.  There  are  ten  transistors  on  this  card  and  a  total  of  approximately 
70  components. 

In  Figure  59  the  reference  signal  is  a  6250  cycle/sec.  square  wave 
from  the  16  divider  card.  The  single-shot  on  this  card  is  of  conventional  design. 

It  produces  a  reset  pulse  to  drive  the  sawtooth  generator.  The  sawtooth  generator 
is  a  modified  Miller  type  sweep  circuit  with  a  diode  network  in  the  feedback  path. 
This  enables  the  device  to  sweep  normally  in  the  absence  of  a  control  pulse. 

The  control  pulse  causes  the  sweep  to  quickly  return  to  the  starting  position. 

At  this  time  the  diodes  allow  rapid  recovery  of  the  feedback  papacitor.  The 
sawtooth  signal  drives  the  complementary  emitter  followers  to  produce  a  very 
low  impedance  saw-tooth  voltage  necessary  for  the  sampler.  The  output  of  the 
counter  is  used  to  produce  a  pulse  which  is  amplified  and  used  to  gate  the  sampler. 
The  sampler  is  a  bilateral  gate  which  momentarily  connects  the  sawtooth  voltage 
to  the  capacitor  analogue  memory.  The  sampler  consists  of  a  small  torroidal 
pulse  transformer,  two  capacitors,  two  resistors,  and  two  low  leakage  diodes. 
Within  the  sampler,  the  signal  is  split  into  two  pulses  which  are  later  recombined. 
Before  combining  the  pulses  pass  through  capacitors  which  permits  the  preset 
voltage  to  be  added  to  the  pulses  through  a  return  resistor.  After  the  sampling 
pulse  occurs,  the  diodes  block  the  memory  capacitor  discharge  path.  The  control 


Figure  57.  Component  Side  of  Card  J 


Figure  58.  Track  Side  of  Card  J 


voltage  then  holds  essentially  constant  until  the  next  sample.  The  polarities 
of  the  sawtooth  are  chosen  such  that  if  the  oscillator  frequency  is  low,  sampling 
will  occur  later  and  at  a  higher  point  on  the  sawtooth  than  the  previous  sample. 
This  raises  the  frequency.  Similarly,  the  control  operates  in  the  opposite 
direction  to  lower  the  frequency.  Since  this  is  a  null-seeking  device,  the  inherent 
accuracy  is  not  affected  by  slight  variations  in  the  phase  detector  components; 
but  rather  by  the  reference  frequency  accuracy.  The  open-loop  gain  of  the  servo 
may  be  computed,  knowing  the  reference  frequency,  the  voltage-frequency 
sensitivity  of  the  VFO  and  the  sawtooth  slope.  It  can  be  shown  that: 

fc  f  fr  [l-(l-K)n]  . 

Where  fc  is  the  controlled  frequency;  fr,  the  reference  frequency;  K,  the  open 
loop  gain;  and  n  the  number  of  connections  made.  Examination  shows  the  function 
to  be  convergent  for  any  falue  of  K  between  zero  and  two,  with  exact  connection 
in  one  step  with  K  exactly  equal  to  one.  For  K  near  1,  convergence  is  rapid. 
Thus,  in  a  practical  circuit,  considerable  tolerance  in  K  is  permissible.  For 
example,  if  K  lies  between  0. 5  and  1. 5  the  error  is  reduced  by  one  half  after 
each  connection,  which  is  every  160  M  seconds  in  the  UHF  receiver  synthesizer 
which  was  built. 


Figure  59.  Electronic  Tuning  Sampled  Phased  Detector 
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